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(57) Abstract 

A radar system is described for use in vehicular applications. The radar system is particularly suited to backup warning systems and 
lane-change warning systems. The radar minimizes many of the problems found m die prior art by providing programmable delays and 
programmable gain. The radar uses a range search algorithm to detect and sort targets at various ranges widiin the field of view <rf the radar. 
Each target range corresponds to a particular delay and gain setting. The radar searches for targets at the various ranges by running a target 
search algoridim. For each target range, the search algorithm causes the proper time delay and gain setting. Targets within the selected 
range arc detected and catalogued. Speed of the targets is obtained through Dopplcr processing. A display is used to warn the driver of the 
vehicle of the presence of targets at the various ranges. The warning may be visual and/or audible. When used in a lane-change system, 
issuance of an audible warning is based on the speed of the vehicle. 
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RbW Of the Invention 

The present appication rdates to the field of radar systems for motor vehicles. 
Dfiscriptton of the Related Art 

VeMde safety systems can genereDy be cateoorized as either aash protection systems or accident avoidance 
systems. Crash protection safety systems can minimize the effects of an accident, but an effective accident avoidance 
system can allow a driver to avoid an accidmt altogether. This is the basic pHlosophy that makes automothre radar so 
attractive as a potential accident avoidance system. Radar systems are particularty suited to backup warning systems 
that warn the driver that the vehicle is about to back into an object such as a child or another vehicle. Radar systems are 
also particularly suited to side-object warning systems (also known as blind-spot warning systems) that warn the dnver 
not to change lanes because another vdiicle is in the region known as the driver's lifind-spot" or side-object region. The 
left skle object region is typically slightly behind and to the left of the driver's vehide. The right skle-object region is 
typically slightly behind and to the right of the driver's vehicle. Many lane-change collisions occur because a driver of a 
first vehicle desiring to change lanes does not see a second vehicle in an adjacent lane, especially when the front bunqier of 
the second vehicle is beside the rear portion of the first vehicle. 

Yet, in spite of the obvious desirability, and decades of research, automothre warning radars have not been 
widely used. To date, automotive radar warning systems have been eithsr too primitive to provide useful information to 
the drhrer, or too expenshre. Many vehicle radar warning systems in the prior art merely detect the presence of a target 
any target, without proviifing the driver with any Information as to the nature or location of the target. One target 
characteristic of great importance is the distance from the radar to the target (the downrange distance). Many of the 
simpta; inexpensive, radars proposed for automotive use provhted no downrange information. Those radars that do provide 
downrange information typically do not provide accurate downrange information for multiple targets because the radars 
cannot discrimnate between nudtiple targets. Radars that do attempt to discriminatB between multiple targets are 
generally too costly for most drivers to afford. 

The simplest automotive radar systons use a Continuous Wave (CW) radar in which a n-ansmitter continuously 
transmits energy at a single frequency. The transmitted energy is reflected by a target object and received by the radar 
receiver. The received signal is Doppter shifted by movonent of the target object relathre to the radar. The CW receiver 
filters out any returns without a Doppler shift (i.e^ targets which are not moving with respect to the radar). When the 
recehrer detects the presence of a Doppler shifted signal, the receiver sends a s^nal to a warning device that warns the 
driver. Unfortunately, this type of radar provides no downrange inf onnation, and so the driver does not know how dose 
the oliject is to the vehicle. 
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Annther type of radar found in prior art radar warning systems is a two-frequency CW radar. The two frequeray 
CW radar transmits en^y at a first frequency and a second frequency. Tlie transmitted energy is reflected by a target 
object and received by a two-frequency CW receive. The receiver measures the difference between the phase of the 
signal received at the first frequency and the phase of the signal received at the second frequency. The distance to the 
target object can be calculated from the measured phase difference. Unfortunately, the two-frequency CW radar performs 
poorly when there are multiple targets withai the field of view of the radar. The simple two frequency system cannot 
discriminate between two targets at different ranges and thus, the range measurements obtained from a two frequency 
CW system in the pressure of muhiple targets is unreSabte. 

Frequerery Modulated Continuous Wave (FMCW) radars have also been used in automotive applications, 
e^ciaDy for forward looking systems such as automatic leaking and automated cruise control bi an FMCW radar, the 
freqiency of the transmitted signal is swept over tune from a starting frequency to an ending frequency. The transmitted 
s^nal is reflected by a target and recehred by the FMCW receiver. The signal recehred by the receiver is delayed m time 
acconfing to the travel time of an electromagnetic wave from the transmitter, to the target, and back to the recehrer. 
Since the frequency of the transmitted signal is bemg varied over time; at any instant in time the frequency of the recehred 
signal win be sRghtly different than the frequency of the transmitted sign^ In the absence of Doppler shifting, the 
distance to the target can be cafculated by comparing the frequency of the received signal to the frequency of the 
transmitted sqnaL The presence of Doppler sMfting will shift the frequency of the recehred signal and make the target 
appear to be ctoser or further awaythanitactudlyis. 

UhraWideband (UWB) bnpulse radars have also been proposed for use in vehicle warning systems. However 
UWB radars are undesirable because these radars transnut energy over very wide bandwidths and create electromagnetic 
interference which can interfere with other radio frequency systems such as broadcast radio, television, ceHdar phones, 
etc UWB radars must operate at very low power in order to avoid violating rules promulgated by the Federal 
Communications Commission (FCC). In addition, UWB radars require antennas that can be used whh the very broadband 
signals transmitted and recehred by the radar. These very broad band antennas can be difficult to design and build. 

Additional problents arise when mounting backup warning radars to large trucks, deliv^ vans, construction 
vehicles, and sani-tralers, etc. (coDecthrely 'trucks^ Existing backup warning systems and lanexhange aids for trucks 
are expenshre and diffkutt to retrofit into existing truck fleets. bistaDation of the radar urate reqinres skflled personnel end 
several hours to mstal. Existing systems have sensors that must be carefully oriented in order to have the correct MA of 
view. Moreover, signal wires must be run from the radar sensors on the back of the truck to the driver interface m the cab 
of the truck. For trabrs aid semi-trailers, these signal wires require the installation of a coruiector between the tractor 
end the trailer. This may be especiaUy problematic when the owner of a large fleet of trucks desires to upgrade some or aH 
of the fleet with backup wammg radars. 
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The present invention solves these and other problems fay providing a radar system that can track and 
discriminate multiple Doppler shifted targets while using a transmitted signal which can be adapted to fit within the radar 
bands allocated by the FCC. The radar can provide crossrange and dowmange information on multiple targets and is not 
confused by the presence of Doppler shifting. The radar is simple to build, low in cost and is weO suited to vehicular 
applications. The radar system is particularly suited to backup warning systems and side-object warning systems hi which 
the driver of a vehicle needs to be warned of an inqienifing colOsion with an object which is out of the driver's immediate 
field of view. The present radar minimizes many of the problems found in the prior art by transmitting a pulsed carrier 
frequency and usmg a recehrer with programmable delays and programmable gain. 

The recenrer uses a range search algorithm to detect and sort targets at various ranges within the field of view 
of the radar. Each target range corresponds to a particular delay and gain setting. For each target range, the search 
algorithm sets the proper time delay and gain setting. Targets within the selected range are detected and catalogued. A 
display is used to warn the operator of the vehicle of the presence of targets at the various ranges. The warning may be 
visual andfor audible. Crossrange nformation is obtained by using muhiple radar sensors. Each radar sensor detects 
Urgets In a different r^km around the vehicle. In some embodinients, these regkms overlap such that a target may be 
detected by more than one radar sensor, hi one embodinient the radar is designed to ignore objects, which ere stationary 
with respect to the radar (Le., targets without Doppler shift). Statwnary targets, such as refiectkms from other parts of 
the vehicle on which the radar Is mounted, usually represent little risk of coOisbn and thus are desvjably ^nored. 

The present radar system may be used nside the passenger compartment of a vehicle to detect the presence, 
size, positioa vetodty, and/or acceleration of passengers or other objects within the vehicle. Such informatkm can be 
used, for example, in an intelligent airbag deptoyment system. The radar may also be used inside the passenger 
compartment to as part of a throttle position smising system, which detects the throttle position by detecting the location 
of a portion of the mecharncal throttle finkage, such as, for example, the location of the "gas pedal' In a similar fashion, 
the radar may also be used to detect the position of the brake pedal, seats, etc. 

The radar may be used outskle the passeig^ compartment to detect objects behind the vehicle; beside the 
vehicle, m front of the vehicle, etc The radar may be used as part of an active suspension system. In one embodiment 
the radar may be used to measure the he^ht of tha vehicle above the road surface. The radar may also be used to detect 
the position, velocity, and acceleration of portfams of the vehicle suspension system. The radar may abo be used to detect 
anom^es or chaiges In the road surface. Such anomafies mchide changes bi surface texture, holes (e.g., "pot-holesl, etc 
biformatkm on road surface anomalies may be suppled to the driver, to an active suspension system* ate 

bi tm embodiment several intelligent radar sensors are placed in and around the vehicle and each radar sensor is 
connected to a vehicle information bus. Each radar sensor measures targets Mritinn Its field of view and broadcasts the 
redar target information to tin vdiicie mfomiation bus. Other vehicle systems, such as, for examplo, display units. 
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suspension units, airbag units, etc are also connected to the tnfonnation bus. These other vehide systems receive the 
radar target mformation and use the information to improve the operation saf ety» and/or convenience of the vehicle. 

The radar sensor may further compute a time to Impact based on a downrange distance to a target and a relative 
velocity between the target »id the radar sensor. The radar may provide a field of view that corresponds approximately to 
the stde-object region can be used as both a collision avoidance system and a lane-change aid. 

in yet another embodiment, the radar may inciuite an audible warning device configured to project an audible 
warning signal which varies accordir^ to the downrange distance of the ctosest target, or the rdative velocity between the 
radar and a target, or the time to impact between the radar and a target. 

Yet another onboifiment of the present invention b an intelligent display for providing information to a driver of a 
vehicle. The inteDigent display includes a sensory display, such as an auifibte or visual display, and a control processor. 
The control processor is configured to recehre sensor infonnatnn from a vehicle inf omiation bus. The sensor information 
inchjdes data measured by one or more sensors, such as radar sensors, connected to the information bus. The control 
processor prioritizes the sensor Infonnation and f omiats the sensory display based on the sensor Information. 

In yet another embodiment of the present invention, the radar sensor may be integrated into a standard taiilight 
housing assembly for a truck or trailer. Integrating the radar into the taiilight housing greatly simplifies the mounting and 
maintenance problems associated with adding a backup warning system to trucks. The radar sensors for a backup 
warning system, and/or radar sensors for a lane^ange aid may be integrated into one or more of the UiDights. In some 
emboefiments, a backup warning radar sensor in the mtegrated redar-taiUight assembly draws power from the power 
suppSed to the reverse Kght. In another embodimem, the radar sensor in a lane^hange aid draws power from the power 
suppGed to a signal ight 

In some embodiments, the radar sensor in the integrated radar taiKight assembly communicates with a central 
control unit by using current-carrier networking, hi current carrier networking, the data is modulated onto an alternating 
current carrier, which is then coupled onto the standard 12 volt or 24 volt direct current (DC) wiring found in the uuck. in 
this manner, the integrated radar tailight assembly can easOy be instaOed on a trails or semi-traler in only a few moments 
time, by a relatively unskilled worker. Moreover, since the current-canier network uses the existing wiring, a 
communicatkm link between the radar sensor and a central control unit is easBy provkJed without extensive modificatkms 
or adifitional wiring in the truck or trailer. A control unit in the cab (or tractor) couples to the taiilight wiring m order to 
communicate with the radar sensor m the remote radar-taSight assembly. The control unit can coordinate the operation of 
several radar-tatUight assemblies and operate an audn-visual display for the driver. 

The integrated radar-taill^ assembly does not require spedel purpose mountingr but rather, can use the 
existing tailfight mounting hicatkms. The existing mountmg tocations are usuaOy provided m relathrdy protected locations 
and are avalabie on virtually aD trucks. Moreover, the mountmg locations are desuaUy wired for power to servke the 
existmg talghts. Hiding the radar sensor in the taOHgbt assembly also helps to prevoit theft and vandaBsm. 
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Tractors are often used with midtipte trailers. Thus, in some embodnnents, the driver interface in the cab 
provides different types of data depending upon the type of sensor installed in the trailer. For example, the maximum 
downrange distance or the boundaries of the range gates may desirably be different in a trailer that is typically backed up 
to a dock as compared to a traBer that typically is unloaded at a ramp. 

The current-carrier network provides a single control unit interface to one or more radar sensors. Many types of 
sensors may transmit display commands to the driver interface. For example, a tractor may be connected to a trailer 
having only a backup warning system, a tractor having only a lane-change aid system, or a trailer having both. In each 
case, the central control unit and the user display in the cab witt adapt to. and show data based on. the available sensors. 

An optical sensor or a current sensor may be provided in the mtegrated radar-taflfght assembly to warn the 
driver that one or more of the taillights have failed (e.g.. burned out). 

In yet another embodiment the radar-taiflioht assembly uses an array of Light Emitting Diodes (LEOs) in lieu of 
the more traditional incandescent bulb for the taiffights. The LEDs are more reiiatale, longer fived, provide lower operating 
temperature, and are more compact than incandescent lanqis. An array of LEDs provides considerable fault tolerance, 
since the faihire of a few LEDs m an array wtP not seriously affect the amount of fight produced by the anray. 

In one embodiment, manufacturabiltty and stability of the radar system are improved by replacmg analog 
processing with cfigital processing. The amount of digital data is reduced by controlling the number of anaiog-to-digital 
conversions. Digital samples are produced during desired tinne periods corresponding to desired target ranges, and 
digital samples are not produced during other periods corresponding to other target ranges. 

In one embodiment the digital samples are produced in by usmg fast analog sampTing followed by faiwpass 
filtering and slow digital sampling. In another embodiment the digital samples are produced by fast digital sampling 
and a digital detector in a Digital Signal Processor (DSP). The DSP processes the digital samples (corresponding to e 
desired target range) in response to a trigger pulse from a time delay. This reduces the amount of data that the DSP 
w31 have to process, thereby reducing the complexity and cost of the radar system In yet another embodiment an 
analog to-digital converter pro(kices digital samples from an intermediate frequency signal in response to a 
programmable time delay. The programmable time delay selects samples corresponding to a desired target range (e.g., 
a desired downrange). 

Yet enother aspect of the invention is e lane-change aid system that detect objects (targets) in a driver's blindspot to 
help the driver make lane-change maneuvers safer for all and less stressful for the iMver. One or more lane-change 
radars detect targets in side-object regions of the vel^le. The radar sensor aHows the lane-change system to 
distmguish between objects that are relatively close and objects that are relatively far away. 

To further reduce false alarms, one embodbnent of the lane change aid system uses the speed of the vehicle 
to determine a maximum target distance for audible alarms. For a given vehicle speed, If a terget is detected outside 
the maximum distance for that given speed, then no audible alarm is issued. Conversely, if a target is detected inside 
the maximum ifistance for a ghren speedr then an audible alarm is issued. 
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In one embodiment an alann is issued when an object is detected on the left side of the vehicle and the left turn signal 
is activated. Similarly, an alarm is issued when an object is detected on the right side of the vehicle and the right tum 
signal is activated 

In one embodiment, a pulsed radar detects a pulse reflected by a target by sensing a trailing edge of the 

pulse. 

In one embodiment an array of light sources, such as an array of light emitting diodes, is placed in front of a 
radar antenna. Power supply lines that provide power to the light emitting diodes are oriented to reduce interference 
between the power supply lines and the radar antenna. In one onbodiment, the power supply Tmes are oriented so that 
the lines are primarily orthogonal to an E f ield produced by the radar antenna. 

Brief Description of the Fwures 
The various novel features of the invention are illustrated in the figures listed below and described in the detaied 
description which follows. 

Figure 1 A illustrates the operetion of a backup warning radar system attached to an automobih. 
Rgure IB ilhistrates a backup warning system attached to a heavy construction vehicle. 
Figure 2 iDustrates the integration of several radar sensors into an automobile. 
Hgure 3A iOustrates a self -contamed radar system with integral patch antennas. 
Figure 3B tlustrates a display panel for use with a radar warning system. 

Figm 4 is a Uock diagram showing the interaction between the RF, analog, and controller sections of the radar 

system. 

Figure 5 is a block diagram which ilhistrates the RF section shown in Figure 4. 
F^ure 6A is a block diagram of one emboifiment of the anatog section shown in Rgure 4. 
Figure 6B is a block diagram of a preferred embodiment of the analog section shown in Figure 4. 
Figure 7, compri»ng Figures 7A end 78, is a circuit schematic of tin RF section corresponding to the bkwk 
diagram shown m Figure 5. 

Rgure 8, compriskig F^res 8A-8D, is a circuit schematic of the analog section corresponding to the block 
diagram shown in Rgure 6B. 

F^ure 9 is a high level flowchart showing operation of the redar system. 

Figure 10 is a flowchart showing the crossrange and downrange target search algorithm. 

Rgure 1 1 is a flowchart showing the false target detection algorithm. 

Figure 12 is a flowchart showbig the display update algorithm. 

Figure 13, comprising Rgures 13A-C, ilhistrates a truck having several taiSght assemblies and a cfisplay unit 
mounted in tfie cab. 
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Figure 14, is a blocic diagram of a baclcup warning radar system that uses radar sensors integrated into tafflight 
assembfies for reverse Gghts, brake llghtSr etc^ and that uses the vehicle power system to carry data signsils between the 
radar sensors and the radar control unit 

Rgure 15, comprising Hgures 15A-6. flhistrates various embodiments of a backup warning radar integrated into 
a taiHight assembly. 

Figure 16Js a btock diagram of a radar sensor that uses carrier current techniques to communKate with a 
central control unit. 

Figure 17 is a block diagram of a low-cost computer-based radar system that uses a detector based on fast 
analog sampling followed by lowpass filtering and slow dighai sampling. 

Figure 18 is a block diagram of a low-cost computer-based radar system that uses a detector based on fast 
digital sampling and a Digital Signal Processor. 

Figure 19A Is a block diagram of a low*cost computer-based radar system that uses a detector based on 
gated fast digital sampling to reduce the number of digital samples. 

Figure 19B is a flow chart showing the operation of the digital sampling systems shown in Figures 18 and 

19A. 

Figure 20 is a block diagram of a lane-change aid system that uses vehicle vetocity to reduce the number of 
false alarms. 

Rgure 21 is a block diagram of a pulsed radar system that illuminates a target by a pulse of etectromagnetic 

energy. 

Hgure 22A shows a front view of en array of light emitting diodes with vertical supply lines and horizontal bus 
lines in front of a radar antenna. 

Rgure 22B shows a side view of an array of F^ht emitting diodes with vertical supply fines and horizontal bus 
lines in front of a radar antenna. 

Rgure 22C shows a front view of an array of Kght emitting diodes in front of a radar antenna, similar to Figure 
22A, except that in Rgure 22C, the bus lines are atong an outer edge of the array. 

In the drawmgs, the first digit of any three-digit number indicates the number of the figure in which the element 
first appears. For exemple, an element with the reference number 404 first appears in Rgure 4. Where four-digit reference 
numbers ere usedr the first two digits indicate the figure number. 

Detailed Description gf the Prtf gf re|| Emlffltpffnt 
Figure 1A ilkistrates an automobile 100 operating with a backup warning radar system 102. The radar system 
102 may be a single radar unit comprising a raitor sensor and a control unit Alternatively, the radar system 102 may be a 
phirailty of radar sensors connected to a common control unit The radar system 102 may mdude sensing c^abifitias for 
a bnkup warning system and may also inctade sensmg capabifities for a side-object warning system. The radar system 
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102 transmits etectromagnetic energy (waves) 104. which illuminate targeu such as a child 1 10 and a group 1 12. The 
child 110 reflects a wave 108 back to the radar and the group 112 reflects a wave 106 back to the radar. Since the child 
110 is closer to the radar 102 than the group 112, the waves 108 reflected from the child 1 10 will reach the radar 102 
before the wave 108 from the groiq) 112 reaches the radar 102. The radar 102 recehres the waves 106 and 108 and 
warns the driver of the automobile 100 that an object is behind the automobile 100. The radar 102 has a field of view, 
which extends generally behind the vehicle 100. Although the field of vma is three dimensional having a depth, widtK 
and height since the vehicle moves in two dimensions, it is convenient to talk in terms of a two dimensional fiekJ of view. 
The two dimensional field of view extends some distance behind the vehicle in a dowmange direction, and the field of view 
extends some width behind the vehicle in a crossrange direction. The radar can 'see' targets within the field of view 
defined by the crossrange and downranga limits. 

fai addition to the field of view, the ability of the radar to see targets is affected by the apparent size of the 
target The apparent size of the target is not the actual size, but rather, the size as seen by the radar, measured as a radar 
cross-section in Decibels per Square Meter (dbsm). The apparent size of an object is often unrelated to the actual size of 
the object. For example, to the radar 102, the child 110 may appear to be smaller than the group 112. Conversely, the 
group 112 may appear to be smaller than the child 110. The driver of the automobile 100 should be warned about the 
chiM 1 10 first because the chad is ctoser to the autCHnobile 100 than the group 1 1Z H the driver stops m time to avoid 
hitting the child 110, then the driver wffl avoid hitting the group 112 as well. Thus, the radar 102 advantageously warns 
the driver more strongly about targets that are cbser to the rad«r 102. Targets that are farther from the radar 102 m, at 
least temporarily, less important and require less of a warning. 

Figure IB is similar to Figure 1A but further illustrates the use of a backup warning radar in a construction or 
teavy equipment environment In Rgure IB. the radar 102 is attached to heavy construction vehh:le 120. The 
construction vehicte 120 includes a backup warning device 122 which emits an audible beeping signal whenever the 
vehicle 1 20 is backing up. R^ired warning devices such as the warning device 1 22 are intended to warn people, such as 
a worker 124 standing behind the vehicle 120, that the vehicle b backing up. However, experience has shown that in a 
noisy construction site with many warning devices 122. workers begin to ignore the warning sound and thus accidents 
invohring vehsles backing over workers stffi occur. Funhermore, the warning device 122 is only effective against people 
since the driver of the vehicle 1 20 may stiD back into an inanimate object Thus, there is a need for radar warning devices 
m the constructkm or heavy equipment environment as weH Such warning devices may provide a different warning 
external to the vehicle than to the driver. 

In either of the situations shown in Figures 1A end IB, the usefulness of the radar system 102 Ees, m part in 
the accuracy of the warnings provided. For example, if the radar 102 is so sensitive that it sounds a false alarm every 
time tiw veh^ 100 or 120 moves backwards, then the driver of the vehicle wffl quickly learn to ignore the warning and 
the effectiveness of the warning is lost Conversely, if the rmlar 102 is made so insensit'ras that it does not sound an 
alarm in tims^ then again, the eff ectweness of the warning is tost Many prior art rader systems attempt to control the 
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number of falsa alanns by lim'rting the downrange field of view of the radar. Limiting the downrange field of view b a 
rather crude solution which denies the driver much of the information needed to avoid a coQision in a real-world 
environment. The present radar system 102 reduces false alarms by providing the driver with adifitional information, such 
as downrange and crossrange inf omiation, regarding the targets within the field of view of the radar. 

F^ure 2 iDustrates the integration of several radar s«isors into the automobile 100. The automobile 100 is used 
in Figtffe 2 for iDustrative purposes only, any vehicle, craft, or structure which could benefit from such radar s«uors can 
be used in place of the automobile 100. Radar sensors 202. 204, and 206 are placed on the rear of the vehicle facing 
backwards. The sensors 202r 204, and 206 each comprise a radar transmitter and receiver circuit, a transmit antennar 
and a receive anteima. The sensor 202 is mounted on the rear center portion of the vehicle and senses targets in a FeU of 
View (FOV) 203 that extends generaRy directly behind the vehicle. The sensor 204 is placed on the right rear portion of the 
vehicle and senses targets which are in a FOV 205 that is generally behmd the vehicle but to the right of targets sensed by 
the sensor 20Z The sensor 206 » placed on the left rear portion of the vehicle and senses targets which are in a FOV 207 
that is generaiy behind the vehicle but to the left of targets sensed by the sensor 202. The sensor 208 is placed on the 
ri^ rear of the vehicle «id senses targets in a FOV 209 that generally covers the driver's right side^lqect region. The 
sensor 210 is placed on the left of the vehicle and senses targets in a FOV 21 1 that generally covers the driver's left side- 
object region. The use of five sensors 202, 204, 206, 208, and 210 is preferredL but the use of more or fewer sensors is 
withm the scope of the present invention. 

Each of the sensors 202, 204, 206, 208, and 210 is connected to a data bus 220. The data bus 220 is 
connected to a central control unit 222. The data bus 220 may be dedicated to radar functions. Alternatively, the bus 
may be a general data bus used by many systems in the vehicle 100. The bus 220 may be a custom bus using non- 
standard protocols or the bus 220 may use standard protocob. such as, for example, Unhrersal Serial Bus (USB), IEEE- 
1394 fire wire, IS6, etc. The central control unit 222 monitors, controls the operation of, and gathers data from each of 
the sensors 202, 204, 206. 208, and 210. The control unit 222 uses data gath^ from the sensor to identify targets. A 
backup switch 226 is connected to the contrd unit 222 to inificate that the automobile 100 b in reverse. When the 
automobile 100 b in reverse and a target b identified then the control unit 222 warns the driver using one or more 
iSsplays224. 

The controi unit 222 may be a control unit dedicated to radar functions or a vehicle control unit which provkbs 
general command and control functions for tin vehde 100. hi an alternative embodsnent tfie radar control functions 
represented by the central control unit 222 are buAt kito earh of tiie sensors 202, 204, 206, 208, and 21 0 such that each 
sensor may function as a relatively autonomous sensor tiiat detects targets witiiin its fieM of view and provides target 
nfoimation to titt bus 220 for use by otiier systems bi tin vehicle 100. 

hi one embodiment the dbplays 224 are provided h areas of the vehble where a driver will naturally be looking 
while tiie vehicle b in reverse. Such areas mduda areas near rear vnw minors, and near tin back of tin passenger 
compartment. Most vehicles are equipped witfi left and rqht outside rear-view nwrors, and an inside rear view imrror 
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which B usually mounted near the top and centar of the front windshield. Thus, in a preferred embodiment 8 first display 
224 IS provided near the left outside rear-view mirror, a second display 224 is provided near the right outside rear-view 
mnror, and a third display 224 is provided near the inside rear view mirror. A display 224 may also be provided near the 
center of the rear window of the vdiicle, either at the top of the window, at the bottom of the window, or both. 

The displays 224 may be connected to the bus 220 as shown in Figure 2. In one embodiment the control unit 
222 sends commands directly to each display unit 224 that control the operation of the control unit. 

bi an altemative embodonent the (fisplay units 224 are not conuolled by direct commands from the control unit 
222, but rather, act as intefligent, relatively autonomous, display devices that monitor the information on the bus 220 and 
display infomiation based on decisions made within the control 224. For example, the control unit 222 may broadcast 
general target information not directed to any particular control unit (e.g., 'target at 3 meters') and a control unit 224 
connected to the bus 220 may recehre the target information and produce a warning display for the driver. Using this 
emboifiment the number of displays 224, as weO as the type of display (0.9., audio, visual, etc) and the manner in which 
the infomiation is displayed can ba changed without changing the control unit 222. 

In a particularly modular embodiment the radar sensors 202, 204, 206, 208, and 210 are intelligent sensors, 
each comprising an Internal control unit and each broadcasting target information on the bus 220; and the sensors 224 are 
inteliigent display devices that monitor the information on the bus 220 and display information based on decisions made 
withm the display unit 224. The intelligent sensors may operate in a relatively autonomous mode, or the inteifigent 
sensors may operate in a cooperative mode where one or more of the inteUigent sensors communicste with each other, h 
one cooperative mode, the intelligent sensors operate In a master-slave configuration where one inteliigent sensor operates 
as the master and the other intelligent sensors operate as the slaves. 

Ahematively, tiie displays 224 may be connected directly to the control unit 222, rather than the bus 220, and 
are controlled by the control unit 222. 

The display 224 may also be provided outside of the vehicle to warn people behind the vehicle. The outside 
display 224 may be auifio, visual, or both and may be provided in combination with the warning device 122 or in Ceu of the 
device 12Z The outside display preferably provides a distinct sound which changes as the vehicle approaches the person 
124. Thus, a person 124 standing behind a vehicle 120 hears one sound when the vehicle 120 is far away, or moving 
slowly, and thus posing litde risk to tin person 124. The person 124 hears a different sound when the veh'cle 120 is 
dose^ or moving rapidly towards the person 124 and thus posing a significant risk to the person 124. 

2 ihBtretes one embodiment of e system for connecting multiple sensore to a control unit 222 wherein 
ti» sensors and tin control unit 222 are connected to a common bus 22a The bus 220 may comprise wire^ optical 
fibers, or botit The bus 220 may carry only data for the radar sensors or tiie bus 220 may ba a more general purpose 
vehnde bus which canies data to and from other vehicle systems. Connecting tiie radar sensore and/or tiie controller 222 
to a general purpose vehicle bus allows greater interaction between tin radar system and otiier systems in the vehicle. 
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such as, for eiample, an automatic braidng system an airbag system* a display system, etc In another embodanent, each 
sensor (such as the sensor 202, 204, 206, 208, or 210) is connected to the control unit 222 by a separate cable. 

figure 2 also shows a radar sensor 230 insida the passenger compartment The radar sensor 230 is connected 
to a control unit 228 that controls an airbag 23Z Tin radar sensor 230 provides data about a passoiger, such as size and 
locatran of the passenger, to the control unit 226 and thus improves the abiity of the control unit 228 to deploy the airbag 
232 effectively. 

Figure 3A illustrates a self contatned radar unit 302 with integral patch antennas, inchding a transmit antenna 
304 and a receive antenna 306. The antennas may include multiple patches configured to desirably shape the antenna 
radiation pattera A connector 306 provides power, input signals, and output signals from the unit 302. The radar unit 
302 may be a sensor, such as the sensor 202, comprising a transmitter and receiver but no central control system. 
Alternatively, the radar unit 302 may be a complete radar system, comprising a radar sensor (such as the sensor 202) and 
a control unit such as the control unit 222. In a preferred emboifiment, the antennas 304 and 306 are printed circuit patch 
antennas, but other antennas may be used. 

Figure 38 iBustrates a display panel 224 for use with the present radar warning system and includes light 
emitting diodes 312-315 and an audible warning device 320. The diodes 312-315 are used to nuficate how close a target 
is to tin automobila 100. in one embodiment tiie diode 312 confesponds to tiie dosest targets and the diode 315 
corresponds to tin most distant targets. In a preferred embocGment all of the diodes 312-315 are Mbminated when a 
close target is detected and only one of the diodes is illimunated when tiie only target detected is a distant terget In en 
alternative embodiment, the number of dhides ilhiminated is detennined by the relative velocity of the target to the radar. 
In yet another embodiment the number of diodes mummated is detennined by tise time to impact between the target and 
tiie radar, a shorter time to impact causing more diodes to be iBuminated. bi one embodiment tiie audible warning device 
320 sounds a loud warning when a target is detected at a dose range, a quiet warning when a target is detected at a 
medium range, and no warning when a target is detected at a distant range. The audible warning may comprise a spoken 
warning message acconfing to the detected target size or range. 

Figure 4 is a block diagram of the radar syst^ 102 showing the interaction between a Ra(fio Fr»|uency (RF) 
section 402, bsi analog srction 404, and a controBer section 406. In a preferred embodiment the RF section 402 and the 
analog section 404 togetiier comprise a radar sensor, such as the radar sensors 202, 204, 206, 206, 21 0, and 230 shown 
m Figure 1 For convenience, only one RF section 402 and analog section 404 are shown in Figure 4, witii tiie 
understanding tiiat multiple RF sections 402 and multiple analog sections 404 may be connected to a control section 406. 
The control section (controller) 406 preferably provides the control functions incficated by the controllers 222 and 228 In 
Figure 2. bi a preferred emboifiment tiia control section 406 comprises a microprocessor-based controller widi an Analog 
to Digital Converter (ADC) for converting tin analog sipal 420 into a ifigital format, bi an ahemativa embodiment the 
ADC may be moved to tiie analog section 404 so tiiat radar target data is passed from the aralog section 404 to the 
controller section 406 in c^al forni. The ADC is preferably a 124^ converter. 
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The RF section 402 provides s transiratter output signal to the uansmit antenna 304. The recehre antenna 306 
provides recehred signals to the RF sectkm 401 The enatog section 404 provides a transmit timing signal 410 and a 
receive timing sgnal 412 to the RF section 402. The RF section 402 provides an bitermediate Frequency (!R signal 414 to 
the analog section 404. The IF signal 414 comprises signals which have been recehred by the RF section 402 and 
downconverted to baseband as explained in more detaO betow. 

As explained in more detail below in the text accompanying Figures 5 and 6, a pulse on the transmit timing signal 
410 causes the RF section to send an RF transmit pulse to the transmit antenna 304. Some time after each transmit 
pulse, the analog section 404 sends a pulse on the receive timing signal 412 to open a receive window. Since the receive 
wmdow is only op«i for a specified period of time, only targets within that time period are seen by the radar. The target 
time can easily be converted to distance because the timing of e recehred wave from a particular target is a function of the 
travel time for the electromagnetic wave from the transmit antenna to the target and back to the receive antenna. The 
travel time for an electromagnetic wave in nr is approxenately 1 nanosecond (ns| per foot. Thus, the receiver time 
window for a target 1 foot away from the transnut and recehre antennas is approximately 2 ns after the transmit pulse. 
When the receive window opens, the RF section 402 sends IF data on the IF signal 414 to the analog section 404. 

The anahig section 404 provides further signal processing on the IF signal 414 to produce an analog radar signal 
420. The analog section 404 provides the analog radar signal 420 to the controlter section 406. The analog radar signal 
420 is the analog output from the radar and includes all target information. The controller 406 uses an analog to dqptal 
converter to convert the analog radar s^nal 420 into the digital domain for further target processmg. 

The controQer 406 provides a sensor enable signal 421, e program enable signal 422, a program clock 424, and 
a program data in signal 426 to the analog section 404. When asserted, the sensor enable signal 421 causes the radar 
analog section 404 to start sending the transmit timing signal 41 0 to the RF section 402. The program enable signal 422, 
the program dock 424, and the program data in signal 426 are used by the conUoJIer to program and configure portions of 
the analog section 404, including a ivogrammable itelay line and a two stage programmable gain amplifier described in 
connection with Figure 6. 

Figure 5 is a block cfiagram of the RF section 402. A carrier frequency oscillator 502 in the RF section 402 
provides an RF sipal to an input of a power ifivider 504. fai a preferred embocfiment the osdilator 502 provides a 5.8 6Hz 
signal A first output of the power ifivider 504 b provided to an input of an RF amplifier 506. An output of the RF 
ampfifter 506 b provided to one tenninal of a Single Pole Single Throw (SPST) switch 508. A second terminal of the SPST 
switch 508 is provuhd to the transmit anteima 304. The SPST switch 508 is a high frequency switch which can be 
switched on and off in nanosecond timeframes. The SPST switch 508 is also configured to pass the RF signal at 5.8 GHz 
wrthmit significant attemtationL 

The transnut signal 410 is provnlad to a pulse generator 510 which provides a fixed wulth pulse to a control 
input of the SPST switch 508. The SPST switch 508 is normally in an open position. The pulse provided by the pulse 
generator 510 cbses the SPST switch 508 for a fixed timaimerval and than ro^ 508 until the next 
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transmit pulse. During the time interval when the SPST switch SOB is dosed* the unmodulated 5.8 GHz carrier at the 
output of the RF ampGfier 506 is provided to the transmit antenna 304 and a short burst of RF energy is transmitted by 
the enteraia. bi a preferred embodiment, the SPST switch 508 is closed for 10 nenosecondl Thus, in the preferred 
embodiment, the bandwidth of the trensmitted pulse is aniroximately 200 MHz or approximately 3% of the carrier 5.8 
GHz frequency. 

A SMond output of the power divider 512 is provided to an input of an RF ampBfier 51Z An output of the RF 
amplrfier 512 is provided to a Local OscHiator (LO) input of a mixer 514. An output of the recehre antenna 306 is provided 
to an input of an RF Low Noise Amplifier (LNA) 516 and an output of the amplifier 516 is provided to an RF input of the 
mixer 514. An output of the m\t& 514 is provided to an input of a lowpass filter 518. An output of the lowpass filter 
518 b fed tfvough a Direct Current (DC) Uock 520 to an input of an IF amplifier 52Z 

Energy transmitted by the transmit antenna 304 is reflected by targets withm the FOV and is recehred by the 
rec^ng antenna 306. If the target is stationary with respect to the antennas 304, 306, then the received energy will 
have the same frequency as the transmitted energy (5.8 GHz). If the target b not stationary with respect to the antennas 
304, 306, then the received energy win, due to the Doppter effect be shifted in frequency. The frequency shift b 
approximatBly 25 Hz/milelhour. The mixer 514, lowpass filter 518, and DC-Uock 520 downconvert and filter the received 
signal from RF frequencies to IF (eudio) frequences. Received energy which b not Doppler shifted will appear at the 
output of the mixer 514 as DC and will be blocked by the DC-Uock 520. Recehred energy which b Doppler shifted will 
appear at the output of the mbcer 514 at the baseband Doppler shift frequency. Thu^ a target moving at 2 mDes/hour 
with respect to the antennas wiO produce a signal of approximately 50 Hz at the output of the IF ampfifier 522. 

An output of the IF an^lifier 522 b provided to a first terminal of a SPST switch 524. A second terminal of the 
SPST switch 524 b the IF signal 414. The receive timing signal b provided to an input of a pube generator 526 md an 
output of the pulse generator 526 b provided to a control input of the SPST switch 524. 

Like the SPST switch 508, the SPST switch 524 b normally in an open position. The pulse provided by the 
pulse generator 526 doses the SPST switch 524 for a fixed time int^al and then re-opens the SPST switch 524 until the 
next recent timmg pulse occurs on the recehre tuning pube signal 41 Z During tte time interval whoi the SPST switch 
524 b dosedr the IF signal at the output of the IF amplifter 522 is provided to the IF signal path 414. In a prefenred 
embodiment, the SPST switch 524 b ch)sed for 5 nanoseconds. 

Figure 6A b a block diagram of one embodimem of the analog section 404. The embodiment shown n Figure 
6A advantageously operates without the use of a separate controhr section 406, but it b limited to a preset number of 
range outputs. In Figure 6A, an output of a pulse repetition frequency IPRR generator 602 b provided to the transmit 
timmg signal 410, to an input of a selectabte time delay 604, and to a dock input of a programmed counter 612. bi a 
preferred embodiment the PRF generator operates at s frequency of 5.7 MHz. 

Each of four time delay outputs of the time delay 604 are provided to a separate throw of a Single Pole Four 
Throw ^4T)switdi 605. Thefourth(longest)time(leiayautputDf the time (ielay 604 b abop^ 
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time delay 606. Each of four time delay outputs of the time delay 606 are provided to a separate throw of e SP4T switch 
607. The fourth (longest) time delay output of the time delay 606 is also provided to an input of a time delay 608. Each 
of four time delay outputs of the time delay 608 are provided to a s^arate throw of a SPAT switch 609. The fourth 
(longest) time delay output of the time delay 608 Is also provided to an input of a time delay 61 0. Each of four time delay 
outputs of the time delay 601 are provided to a separate throw of a SP4T switch 61 1. The poles of each of the SP4T 
switches 605, 607, 609, and 61 1 are each provided to a sqiarate throw of a SP4T switch 614. The pole of the switch 
614 is the receive timing signal 412. 

Two of the output bits of the comBt 612 are provided to a control input of the SP4T switch 614 and to a 
control input of a SP4T switch 616. The IF signal 414 is provided to the pole of the SP4T switch 616. Each throw of the 
SP4T switch 616 is connected to an input of separate IF amplifier (amplifiers 620. 622, 624 and 626). An output of the IF 
ampitf iar 620 is connected to an input of a bandpass fiher 630. An output of the IF ampfifier 622 is connected to an input 
of a bandpass filter 632. An output of the IF ampfifier 624 is connected to an input of a bandpass filter 634. An output of 
the IF amplifier 626 is competed to an input of a bandpass filter 636. The outputs of the bandpass filters 630, 632, 634, 
and 636 are analog target output^, each output corresponding to a different downrange instance. 

The counter 612 operates the SP4T switches 614 and 616 in unison such that each time detey selected by the 
SP4T switch 614 corresponds to a range output of the bandpass filters 630, 632r 634, and 636. In a preferred 
embodiment, the counter 612 moves the switches 614 and 616 to a new pole every 128th transmit pulse on the transmit 
timing signal 410. In other words, the switches 614 and 616 dwell on each range gats for 128 transmit pulses. The 
bandpass filters 63Q, 632, 634, and 636 operate like integrators to average the signal recehred from the 128 transmit 
pulses end thus smooth the output signals. The switches 604, 606, 608 and 610 are preset to provide a desired set of 
four delay ttmes corresponding to four downrange listances. In a preferred embodiment, the four delay tones are 1 
nanosecond (ns), 8 ns, 13 ns, and 20 ns, corresponding to downrange distances of .5 ft, 4ft, 6.5 ft, and 10 ft 

Hgure 6B is a Mode ifiagram of a preferred embodiment of the analog section 404 which proirides programmable 
delays (range gates) and programmable gains in the IF amplifters for any number of downrange distances. In a preferred 
embodiment, the downrange distances are from approximatdy 0-60 ft In Figure 68. an output of the PRF generator 602 
is provided to a first terminal of a SPST transmit mble switch 644 and to a dock input of a timing generator 641 The 
sensor enable signal 421 is provided to an enable mput of the timing generator 643. A control output of the fining 
generator 643 is provided to a contrd input of the transmit enable switch 644. 

A second terminal of the transmit enable switch 644 b provided to the transnut timing signal 410 and to an 
input of a programmable delay 646. The progranmable delay 646 b programmed by inputs provided by the program enable 
signal 421, the program dock signal 424, and the program data in signal 426. In a prefnred embo(fiment, the 
programmabte delay 646 can generate time delays from 0-1 18 ns, in S ns intervals, corresponding to downrange distences 
of approximately 0-59 ft 
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The IF signal 414 is provided to an input of a lowpass filter 648. An output of ttn lowpass filter 646 is provided 
to an input of a DC-block 650. An output of tha DC-block 650 is provided to an input of a first programmable gain 
ampHfier 652 and to a first terminal of a SPST switch 660. The program enable signal 421 is provided through a 5 ms 
(millisecond) delay to a control input of the switch 660. A second terming of the SPST switch 660 is connected to 



An output of the first programmable gain amplifier 652 is provided to an input of a second programmable gain 
amplifier 654. An output of the second programmable gain an^fifier is provided to an input of a lowpass titer 656. An 
output of the lowpass filter 656 b the analog output signal 420. The first and second programmable amplifiers 652 and 
654 are programmed by inputs provided by the program enable signal 421, the program dock signal 424, and the program 

10 data in signal 426. 

In a preferred embodiment, the lowpass filter 648 has a roHoff frequency of approximately 500 Hz at a rate of 
15 dB/decade and the lowpass fifter 656 has a roBoff frequency of approximately 500 Hz at a rate of 15 dB/decade. The 
voltage gain of the first progranunaUe gain amplifier 652 is preferably adjustable from 1 to 252 and the voltage gain of 
the second programmable gain ampGfier 654 is preferably ac^ustable from 8 

IS Figure 7 is a circuit schematic of an RF section corresporafing to the bbck diagram shown in Figure 5. The 

carrier frequency oscfflator 502 is based on a 5.8 GHz oscillator 702. A 7 volt supply Is provided to a Vcc input of the 
osdlator 702, and the 7 volt supply is bypassed to ground at tha oscillator by a capacitor 706 and a capacity 707. The 7 
volt supply is also provided to a first terminal of a resistor 703. A second temrinal of the resistor 703 is connected to a 
first termlnel of a resistor 704, to a first temmial of a capacitor 70Sr and to a bias terminal of the oscillator 70Z An 

20 output of the oscillator 702 is the output of the carrier frequeicy oscillator block 50Z In a preferred embotfimentr tha 
capadtor 706 is a 33 uF (n»crofarad) capacitor, the capacitor 707 is a 1 uF capacitor, the capadtor 705 is a 33 pF 
(picofarad) capacitor, the resistor 703 is an 1 1 kO resistor, the resistor 704 is a 39 kQ resistor, and the osdilator 702 is 
a Vohage Controlled Oscillator (VCO) manufactured by MODCO. 

The output of the oscillator 702 is provided to a first terminal of a resistive matching network 710. A second 

25 terminal of the resistive matching network 710 is connected to an input of the power (fivider 504. In a preferred 
emboifiment the power dwider 504 is a single stage Wilkinson power dwider with a resistor 71 1 of 100 An output of 
the power (fivider 502 is provided through a DC-blocking capadtor 712 to an input of the amplifier 506. An output of the 
ampi'ifier 506 is connected to the 7 volt supply by a resistor 714, to ground by a capacitor 715, and through a DC-blocking 
capadtor 716 to a first terminal of a matching network 720. The switch 508 comprises a solid state switdi 721. A 

» second terminal of tte matching network 720 b connected through a DC-btocking capadtor 71 3 to a first termini of the 
soSd state switch 721. A second terminal of the soSd state switch 721 is connected through a De blocking capacitor 722 
to a fffst terminal of a matching network 723. A second terminal of the matching network 723 is connected to the 
transmit antenna 304. 
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In B preferred embodiment, the impedance matclung networks 710, 720, and 723 are PI network attenuators 
with an attenuation range of 0 dB > 10 dB. The DC-blocking capacitors 712, 716, 713, and 722 are 33 pF capacitors. 
The resistor 714 is a 64 Q resistor and the capacitor 715 is a 33 pF capacitor. The soRd state switch is preferably an 
ASQ06MM6 suppKed by Alpha. 

The pulse generator 510 comprises a delay line 739. The transmit toning signal 410 is provide through a 
resistor 740 to a data input of the delay line 739. A 5 volt supply voltage is provided to a Vcc input a PO input and a PI 
input of the delay line 739. A ground is provided to a P2 input and a ground input of the delay line 739. ht a preferred 
embodiment the delay line 739 is a DS1040 from Dallas S^niconductor Corp. 

An output of the delay line 739 is provided through a De blocking capacitor 738 to a first temiinal of a resistor 
736, to a first temiinal of a resistor 737, and to a first input of an xor (exchisive-or) gate 733. A -5.0 volt supply voltage is 
provided to a sa:ond terminal of the resistor 737, to a second input of the xor gate 733, and to a first input of an xor gate 
730. An output of the xor gate 733 is provided to a snond input of the xor gate 730. An output of the xor gate 730 is 
provided through a resistor 726 to a V2 control input of the solid state switch 721. The output of the xor gate 730 is also 
connected to ground by a resistor 726. A bias input of the xor gate 730 is connected to the cathode of a d»de 732 and 
the anode of the dmde 732 is connected to ground. 

A second terminal of the resistor 736 is connected to a first input of an xor gate 731. A second input of titt xor 
gate 736 is connected to ground and a bias input of the xor gate 736 is conrocted to ground. An output of the xor gate 
731 is provided through a resistor 727 to a VI control input of the sofid state switch 721. The output of the xor gate 731 
is also connected to ground by a resistor 729. 

In a preferred embodiment, the resistors 737. 728. and 729 are 1 kQ resistors, the resistor 736 is a 0 Q 
resistor, the resistors 726 and 727 are 10 Q resistors, and the diode 732 is replaced by a 0 Q resistor. The xor gates 
730, 731, ami 733 are preferably 74AC86 types. 

A second output of the power divider 504 is provided through a DC-btocking capacitor 742 to an ampHfter 512. 
An output of the amplifffir 512 is provkied to the 7 volt supply by a resistor 744, to ground by a capacitor 745. and 
through a DC-btocking capacitor 746 to a first terminal of a matching network 747. A second temnnal of the matching 
network 747 is provkM to the LO ii^ of the mixer 514. 

The output of the recehre antenna 306 is provided through a De blocking capacitor 750 to an input of the 
ampfifier 515. An output of the amplifier 516 is provkied to the 7 volt supply by a resistor 751, to ground by a capacitor 
752r and through a DC-blocking capacitor 753 to the RF mput of the mixer 514. 

bi a preferred embocfiment the capacitors 750, 751, and 752 are 33 pF capacitors, and the resistor 751 is a 
220 Q resistor. The amplifier 516 is pref^abty an M6A*86363 2-8 GHz amplifier supplied by Hewlett Packard and the 
mixer 514 is an HMC168C8 supplied by Hitite. 
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The output of the mbeer 514 is provided to a first terminal of an inductor 755. A second terminal of the inductor 
755 is connected to ground through a capacitor 756 and to a first terminal of an inductor 757. A second terminal of the 
inductor 757 is connected through the DC-blocking capacitor 520 to an input of an amplifier 760. An output of the 
amplifier 760 is provided to a first temiinal of an inductor 761 and to a DC-blocking capacitor 770. A second terminal of 
the inductor 761 is connected through a resistor 762 to the 7 volt supply. 

In a prefOTed embodiment, the inductors 755 and 757 are SO nH inductors, the capacitor 756 is a 3 pF 
capacitor, and the De blocking capacitor 520 is a 1 uF capacitor. The amplifier 760 is preferably a VAM-6 supp&ed by 
Mini-Circuits. The inductor 761 is a 47 nH inductor and the resistor 762 is a 220 Q resistor. 

The output of the ampfifier 760 is also connected through a DC-blocking capacitor 770 to an input of an 
amplifief 77Z An output of the amplifier 772 is provided to a first terminal of an inductor 773 and to a DC-Mocking 
capacitor 776. A second terminal of the inductor 773 is connected through a resistor 775 to the 7 volt si^ly. 

The amplifrer 772 is preferably a VAM-3 supplied by Mini-Circuits, in a prefenred embodiment the inductor 773 
is a 47 nH inductor and the resistor 775 is a 65 £2 resistor. 

The switch 524 comprises a solid state switch 777. An output of the amplifier 772 is provided through a DC- 
btocking capacitor 776 to a first ternwiat of the solid state switch 777 and a second terminal of the solid state switch 
777 is provided to the IF signal 414. The second terminal of the sofid state switch 777 is also provided to ground through 
a capacitor 791 The recove timmg signal 412 is provided through a resistor 526 to a data input terminal of a delay 6ne 
785. The 5 volt supply is provided to a Vcc input and to a PO input of the delay line 785. The ground is provided to a PI 
input to a P2 ti^ut and to a ground input of the delay line 785. An output data terminal of the delay line 785 is provided 
to a first input of an xor gate 782 and to a first input of an xor gate 763. A second input of the lor gate 782 is provided 
to grounil and a second input of tlra xor gate 783 is provided to the 5 volt supply. An output of the xor gate 782 is 
provided through a capacitor 781 to a first control biput of the solid state switch 777. An output of the xor gate 783 is 
provided through a capacitor 780 to a second control input of the solid state switch 777. The 5 volt supply is also 
provided through a resistor 778 to the first control input of the solid state switch 777. A groimd is also provided through a 
resistor 779 to the second control input of the solid state switch 777. 

\n a preferred embodiment the resistor 784 is a 0 Q resistor, the resistors 778 and 779 are 1 kO resistors* 
and the capacitors 781, 780, and 790 are 1000 pF capacitors. The delay line 785 is preferably a DS1040, the solid state 
switch 777 is an SW239 switch supplied by M/A Com, and the xor gates 782 and 783 are 74AC86 types. 

Figure 8 is a circuit schematic of an analog section 404 corresponding to the block diagram shown in Figure 6B. 
Figure 8 shows the PRF generator 642 comprising an inverter 807, an inverter 806, and an invmer 804. An output of the 
inverter 807 » provided to a first terminal of a resistor 803 and to an input of the Inverter 806. An output of the inverter 
806 b provided to a first terminal of a capacitor 808 and to an Input of the inverter 804. A second terminal of the 
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capacitor 808 is provided to a second terminal of the resistor 803 and to a first tenronal of a resistor 809. A second 
terminal of the resistor 809 is provided to an input of the inverter 807. 

hi a preferred embodiment the resistor 809 is a 620 Q resistor, the resistor 803 is a 62 Q resistor, and the 
capacitor 808 is a 1000 pF capacitor. 

An output of the inverter 804 is provided to a first temiinal of a pulkp resistor 805, to a &st input of a nand 
gate 810, and to a dock input of a first counter 817. A VDD input of the first counter 817 is connected to a 5 vdt supply 
voltage Vcc An RST and a VSS input of the first counter 817 are connected to ground. A 01 output of the cotBiter 817 is 
provided to a clock input of a second counter 816 and to a clock input of a progranvnable array logic device (PAL) 815. A 
VDD input of the second counter 816 is connected to a 5 vott supply voltage Vcc and a VSS input of the second counter 
817 is connected to ground. Outputs Q5-D8 of the second counter 816 are provided to inputs 1114, respectively, of the 
PAL 815. The program clock signal 424 is provided to an input 15 of the PAL 815, the program enable signal 422 is 
provided to an input 17 of the PAL 815, and the sensor enable signal 421 b provided to an input 110 of the PAL 815. A 
transmit endile output (on pin 10-5) of the PAL 815 is provided a second input of the nand gate 810 and a reset output (on 
pin 10-9) of the PAL 815 is provided to a reset input of the second counter 81 6. ^ 

\n a preferred embodiment the first and second counters 817 and 816 are 14040 IZbit counters suppfied by 
Natkmal and the PAL 815 b a PAL22V10-PLCC suppfied by Lattica The PAL 815 b programmed according to a PAL 
source program ghren in Table 1. 

An output of the nand gate 644 b provided to a pul-up resistor 81 1, to a data input of a fbed time delay 612, 
and to a data input of programmable time delay 613. A COM signal on the fixed time delay 812 b provhled to ground and 
a 10ns delay output of the fixed delay 813 b provided to the transmit timing signal 410. Outputs P1-P7 of the 
programmable time delay 813 are connected together and puBed up to Vcc by a puH up resistor 814. A MOD input of the 
programmable delay 813 b provided to ground. The program enable signal 422 b provided to a program enable input of the 
delay 81 3. The program clock signal 424 b provided to a program clock input of the delay 81 3. The program enable data in 
426 b provided to a program data input of the delay 813. 

bi a preferred embodiment the pull-up resistors 81 1 and 814 are each 1 kQ resistors. The fixed delay 812 b 
preferably a SIL2T-10ns suppTied by Rhombus and the programmable delay 813 b a DS1021-50 supplied by Daflas 
Serracomhictor. 

The delay 813 b a programmable 8-bit silicon delay Una. Delay values can be varied ov^ 256 equal steps with 
an incremental delay of 0.5 ns. The output of the delay 813 will substantially reproduce the logic state of the input after a 
delay time detenraned by an 8-bit value clocked uito the data Input of the delay 813. When the program enable signal 422 
b at a logic high, timing data b toaded in MSB (most significam bit) to LSB Oaast significant bit) order by the rbmg edge of 
the program dock signal 424. As timing values are shifted into the progrem data input of the delay 81% the prevbus 
contents of the 8-lut input are shifted out of the program data output m MSB-to-LSB order. 
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The program enable signal 422 is provided through a series resistor 821 to the base of a transistor 823. The 
emittff of the transistor 823 is provided to ground. The coQector of the transistor 823 is connected to Vcc by a resistor 
422. to first and second inputs of a 2-input nand gate 825 and to ground by a capacitor 824. An output of the nand gate 
825 is provided to a control input of a SPST switch 680. A second terminal of the SPST switch 660 is connected to 
ground. 

In a preferred embodiment, the resistors 821 and 822 are 4.7 kQ resistors, the transistor is a 2N2222, the 
capacitor 824 is a 1 uF capacitor, the nand gate is a 74AC00, and the SPST switch 660 is a C04066. 

The IF signal 414 is provided to the lowpass filter 648 comprising a resistor 845, a capacitor 846, and a resistor 
847. The IF signal 414 is provided to a first terminal of the resistor 845 and the second terminal of the resistor 845 is 
provided to a first temunal of the capacitor 846, to a first terminal of the resistor 847, and to a first terminal of a DC- 
blocking capacitor 610. A second terminai of the capacitor 846 and a second terminal of the resistor 847 are both 
provided to ground. A second terminal of the DC-blockine capacitor 610 is provided to a first terminal of the SPST switch 
660, to a first terminal of a resistor 819, and to a first fixed terminal (abo called the LO terminaO of a programmabb 
potentiometer 820. A second fixed tenninai (also called the HO terminaD of the programmable potentiometer 820 is 
provided through a series resistor 826 to an output of a first operational amplifier (op-amp) 827. A non^nverting input of 
the op^ 827 is provided to ground and an inverting input of the op-amp 827 is provitled to a wiper terminal (WO) of the 
programmable potentumeter 820. 

The program enable signal 422 is provided to a program enable input of the potentiometer 820. The program 
clock signal 424 is provided to a program dock input of the potentiometer 820 and the program enable data in signal 426 
is provided to a program data input of the potentiometer 820. A program data output from the delay line 813 is provided 
to a program data mput of the potentiometer 820. 

In a preferred embodhnem, the resistor 845 is a 100 Q resistor, the capacitors 846 and 610 are 1 uF 
capacitors, the resistors 847 and 819 are 4.7 k£l resistors, and the resistor 828 is a 100 kO resistor. The op-amp 827 
is preferably an UM2902 supplied by National Semiconductor. The potentiometer 820 is a DS1267-100A (100 kQ) 
supplied by Dallas Semiconductor. The DS126M00A is a dual potmitiometer, having a first potentkimetar 820 with 
termmais LO, WO, and HO and a second potentiometer 830 with terminals LI, W1, and HI. Each of the dual 
potentiometers are separately progranunable. 

The programmable resistor 820 in combination with the op-amp 827 comprise the first programmable gain stage 
612. The programmaUe potentiometer 820 is similar to a mechanical potentkmieter with a first fixed terminal (LO) a 
second fixed tomind (HO) and a wiper (WO). The location of the wiper WO is progranmted by asserting the program 
enable s^ 422 and using the program dock 424 to dock data from the program data in signal 426 into a shift registM^ 
biside the piogrammable potentiometer 820. The programmable potentrometor 820 is composed of 256 resistive sections. 
Between each resistive section and both ends of die potentiometer are tap points that are accessible to the wiper. The 
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position of the wiper on the resistive errey is set by an 6-brt vahie that controls which tap point Is connected to the wiper 
output The programmable potoitiometef 820 is programmed in a manner simHar to the programmable delay line 813. By 
conn»:ting the program data output of the delay 61 3 to the program data input of the potaitiometer 820, multipte devices 
can be daisy-chained (cascaded) for programming purposes. The programmable potentiometer 820 is progranvned by a 17- 
bit word comprising: an 8-bit value for wiper WO; an 8-bit vahte for wiper W1; and a 1-bit stack select bit (the stack select 
bit is not used the preferred embodiment). 

The output of the op-amp 827 is provided through a resistor 829 to a wiper (Wl) of the programmable 
potentiometer 830. The potentiometers 820 and 830 are part of a dual unit so the programming lines used to program the 
potentiometer 820 are also used to program the potentiometer 830. A fiied tenntnal HI of the potentiometer 830 is 
connected to a wiper (WO) of a programmable potentiometer 831. 

A program data output from the potentiometer 820 is provided to a program data input of the programmable 
potentiometer 831. The program enable signal 422 is provided to a program enable input of tiie potentiometer 831 and 
the program dock signal 424 b provided to a program clock input of tiie potemiometer 831. A fixed output (W) of the 
potentiometer 831 is provided to an inverting input of a second oi^amp 833. A non-inverting input of the second op-amp 
833 is provided to ground. A feedback resistor 832 is connected between the inverting input of the second op-amp 833 
and to an output of the second op-amp 833. The combination of the second op-amp 833, ti» programmable potentiometer 
830, the programmable potentiometer 831, and the feedback resistor 832 comprises tiie second programmable gain stage 
654. 

In a preferred embocfiment, the programmable potoitiometer 831 is a DS1267, the feedback resistor 832 is a 2 
fAQ (megaohm) resistor, and the second op-amp 833 is an LM2901 

An output of the second op-amp 633 is provided to a first tenninal of a resistor 834. A second terminal of the 
resistor 834 is provided to a first terminal of a capacitor 835, to a first terminal of a resistor 836, and to tfte analog out 
signal 420. A second terminal of the capacitor 835 and a second terminal of the resistor 838 are provided to ground The 
combination of tin capacitor 835 and tiie resistors 834 and 836 comprises the towpass filter 656. 

In a preferred embodunent the capacitor 835 is a 1 uF capacitor, tiie resistor 834 b a 100 Ci resistor, and the 
resistor 836 is a 4.7 kQ resistor. 



TABLE 1 



PAL Source Program 



1. 
2. 
3. 
4. 
5. 
6. 



MODULE AN7U.OG3 

TITLE ^Analog Board Control Logic' 
'^ANSCTL device *p22vl0' ; • 
^^Constants 



C, P,X = .c. , .p. , .X. ; 
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7. 


"Inputs 










8. 


CLK 


pin2 ; 






9. 


C3,C4,C5^C6 


pin 


3,4 


, 5, 6; 




10. 


BPClk 


pin 


7; 






11. 


RF_Data_ 


pin 


9; 






12. 


Pgm Enb 


pin 


10; 






13. 


^^PSO^PSl 


pin 


11,12; 




14. 


Sns Enb 


pin 


13; 






15. 


Rst_RFD_ 


pin 


16; 






16. 












17, 


''Outputs 










18. 


'^RF Detect 


pin 


17 


istype 


'reg, buffer' 


19. 


''Sns Act 


pin 


18 


istype 


'reg, buffer' 


20. 


''LSns Go 


pin 


19 


istype 


'reg, buf f er' 


21. 


''LSns_Gol 


pin 


20 


istype 


*reg, buffer' 


22. 


Tx_Enb 


pin 


21 


istype 


*regr buffer' 


23. 


''RF_Sainple 


pin 


23 


istype 


^reg, buffer' 


24. 


LPgm Enb 


pin 


24 


istype 


'reg^buf f er' 


25. 


"Hold 1267 


pin 


25 


istype 


'reg, buffer' 


26. 


"Tmr Clk 


pin 


25 


istype 


'reg,buf f er' 


27. 


Rst_Ctr 


pin 


26 


istype 


'reg^buf fer' 


28. 


Init_Sns_ 


pin 


27 


istype 


^reg, buffer' 


29. 












30. 


COUNT. AR = RST; 






31. 












32. 


''Set Declarations 








33. 












34. 


"State Declarations 






35. 












36. 


equations 










37. 












38. 


Init Sns .C 


= CLK; 








39, 


Tx Enb.C = CLK; 








40. 


Rst Ctr.C = 


CLK; 








41. 


Hold_1267.C 


= CLK; 








42- 


LPgm__Enb.C = 


CLK; 








43. 


Unit Sns : 


= Init 


Sns & Unit Sns ; 


44. 


Tx enb := !Sns enb 


; 






45. 


Rst Ctr := LPgm Enb; 






46. 


Hold 1267 := 


LPgm Enb; 






47. 


# ! LPgm_Enb 


& Hold 1267 & !C6; 


48. 


LPgm_Enb : = 


Pgm Enb; 






49. 












50. 


End 











Figure 9 is a high levd flowchart showing operation of the controller 406. The process shown in the flowchart 
of Hgura 9 begins at an initiafization process block 902 where the controller initiafizes the radar system hardware, data 
structures, and the controll^ interrupt structure. Hardware ktitiafization includes Initializing the RF section 402, the analog 
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section 404, and the controller 406. After mitierizBtioa the process advances to a dedston block 903 where the controller 
determines whether or not the vehicle 100 b in reverse. If the vMcle is in reverse, then the process advances to a process 
block 904. If the vehicle is not in rev^e then the process re-enters the decision block 903. 

In the process block 904, the controller 406 collects radar target data according to the flowchart shown in 
Figure 10. Upon completion of the process block 904, the process advances to a process block 906 where the controller 
analyzes the target data according to the flowchart shown in Figure 1 1. Upon completion of the process block 906, the 
process advances to a process block 908 where the controller updates the (fisplay 224 according to the flowchart shown 
in Figure 1Z Upon completion of the process block 908, the process jumps back to the decision block 903. 

As shown in the ftowchart of Figure 9, whenever the vehicle is in reverse, the controQer 406 continuously 
colects radar target data from one or more analog sections (such as the analog section 404), analyzes the collected datat, 
and updates the display 224 based on the results of the data analysis. 

Hgure 10 is a ftowchart showing the data collection process which inchides a search for targets In both 
crossrange and downrange directions. The search begins with a loop process block 1002 where a downrange distance D 
is selected. The process then edvances to a loop process bkM:k 1006 where a radar sensor S (comprising an analog 
section 404) is selectei Having selected a downrange distance and a sensor, the process advances to a process block 
1008 where a time delay, corresponding to the distance D, is programmed into the programmable time delay 646 in the 
sensor S. Also in the process bhick 1008, a desired gain is programmed into the analog section 404. The desired gain is 
programmed by programming the programmable potentnmeters 820, 830, and 831. Once the delay end gain have been 
progremmeil the process advances to a process Uock 1010 where target data is obtained. Target data is obtained by 
asserting the soisor enable signal 421 and then sampfing target data (using the ADC) on the analog signal line 420. In a 
preferred embodiment, three samples are obtained. 

The sampled target data (e.g., three samples) are passed to a process block 1012 where a peak target voltage 
Vp b estknated. In goieral, the anatog signal 420 exhibits an oscOlatory behavior that approximates a sine wave for time 
periods of a few cycles. An estimate of the peak value Vp of the anakig signd 420 b obtained from the data obtained in 
the process btock 1010. In a referred embodiment the estimate of the peak vakie is obtained by selecting the largest 
sample obtamed in the process block 1010. Thus, in a preferred embodiment, Vp - max( S„ ... Sm) wh^e S| is the first 
sample, is the last sample, and N-3. In an altmathre embodiment the value of Vp is obtained by parameter estimation 
of a sine wave using three samples S,, Sj and 63 at times t^ X2 and t, respectively. The ampEtude A of the estimated sine 
wave may be calculated by the equation 

where 
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and 

where 6t^t^-t^=t^-t^, The frequency of tlie estimated sine wave can be calculated by the equation 

o = ^iSj IS^ . The estimated relative target velocfty with respect to the radar is proportional to the frequency of the 
estimated sine wave and thus target velocity can be computed from the estimated frequency. The relative target 
acceleration with respect to the radar may be computed by using two successhre estimates of the estimated velocity. 

Once the value of Vp has been determirod in the process block 1012, the process advances to a process block 
1014 where Vp is stored in a database for later use by the data analysis process shown in Rgure 11. The process then 
advances to a loop test block 1016, which selects the next sensor. When the sensor loop, comprising the process blocks 
1006 and 1016 has tooped through all sensors, then the process advances to a loop test block 1018 which selects the 
next downrange distance. The process is conqilete when the downrange loop, comprising the process blocks 1002 and 
1018, has looped through all of the downrange datances. 

Figure 1 1 is a flowchart showmg the data analysis process, which mchNles a false target detection algorithm. 
The database generated by the flowchart of Figure 10 comprises a set of v^ Vp|r,s,k), where r is an index which 
selects the downrange distances, s is an index which selects a sensor, and k » 1...N is an index which selecU the last N 
values of Vp(r,s). The data analysis flowchart of l=^ure 1 1 begins at kMip process btock 1 1 02 where a downrange index r 
isselected. The process then advances to a toop process Uock 1104 where a sensor index sis selected. Having selected r 
and s, the process advances to a process block 1 106 where the vector Vp(r,s,1...N) is scanned for a target. A target b 
determined to exist if the vector Vp|r,s,1..N) contains at least M vahies above a preset threshold. In a preferred 
emboifiment N-8 and M-3. Thus, the controller decictes that a target was detected at the range r, by the sensor $, if 3 
of the last 8 Vp values obtained were above the threshold. 

The process then advances to a process to a loop test block 1 108, which selects the next sensor index s. When 
the sensor loop, comprising the process blocks 1 108 and 1 104 has looped through afl sensors, the process advances to a 
kwp test block 1110 which selects tte next downrange dstance mdex r. When the downrange loop, comprising the 
process btocks 1 1 10 and 1 102, has looped through all of the range indexes r, the process advances to a process block 
1 1 12. bi the process block 1 1 12 the current target ifistance NEW_RANGE corresponding to a target (found in the process 
btock 1 1 06) having the smaRest downrange distance is selected and the process ends. 

Figure 12 is a flowchart showmg the ifisplay update process beginning with a decision block 1202 where 
NEVV,liAN6E b compared to OLO^RANGE [the previous target distance). H NEW JAN6E is less than 0LD.RAN6E, then 
the process advances to a process Uock 1 204; otherwise; the process advances to a process Uock 1 208. In the process 
btock 1 204 the vahie of 0LD_RANGE is set to NEW_RAN6E and the process advances to a process btock 1 206. In the 
process btock 1208, the vahe of NEW^RANGE is again compared to 0LDJAN6L If NEW^RANGE is equ^ to 
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OLD_RANGE« then the process advances to the process block 1206; otherwise, the process advances to a process Mock 
1210. 

The display update is based on a display timer. In the process block 1208 the display timer is reset and the 
process advances to a decision block 1214. In the process block 1208, the display tsner is incremented and the process 
advances to the decision block 1214. In the decision block 1214, the value of the display timer is checked. If the display 
timer is greater than a maximum, then the process advances to a process block 1212, otherwise; the process advances to 
a process block 1216. In the process block 1212, the value of OLD^RANGE is set to infinity and the process advances to 
the process btock 1216. In the process block 1216, the value of OLD.RANGE is sent to the display 224 and the process 
ends. 

Intaorated Radar-TaHlinht Sensors and Current-C arrier Network System 

A radar sensor, such as, for eiamplQ. the radar sensor 202 shovm in Rgura 2, may be mounted to large trucks 
defivery vans, construction vehicles, and semi-trailers, etc (collectively 'trucks'). However, in some circumstances, 
installation of the radar sensor 202 may be dttficult or costly. Thus, the radar sensor may advantageously be integrated 
into one or more of the existing light assemblies (e.g^ taiDights, side tum-signal lights, forward turn-signal lights, etc) 
found on trucks as shown in Figures 13A-0. Figurs 13A shows a conventional tractor 1302 and semi-traier (trailer) 1304. 
The tractor 1302 is typical of many large trucks, constructkm vehicles, etc in that the running Bghts, reverse lights, 
signal lights, and brake ights are all typically integrated into a single left-side taiffight assembly 1 330 (shown) and a single 
right-side taught assembly (not shown). The tractor 1302 may also have tum-sipal Rghts 1335 mounted on a forward 
portion of the veincle and the trailer 1304 may have additkmal turn-signal fights 1337 mounted on the side of the trailer, 
h the discussion that f oOows. the integreted radar tanKght assembly will be (fisclosed in the context of a backup warning 
radar soisor integrated with a reverse Bght One skOI^I in the art wiD recognize that a radar sensor in connection with a 
iane-change aid (integrated with a tum-signal fight) is within the scope of the present mvention and may be integrated into 
the taafight assemblies 1330, 1306, etc end may also be implemented in the tum-signal light assemblies 1335 and 1337. 
A display 1314 mounted in the cab (ib^ the passenger compartment) of the tractor 1302 pro^ndes audio/visual 
infonnation from the radar saisors to the driver. The display 1314 may also inchide other displays, such as, for exnnple, 
the displays 224 shown in Figure Z 

Electrical signab are provuied from the tractor 1302 by a cable 1310 to a first portion of a connector 1312. 
The first portnn of the connector 1312 is attached to a second portion of the connector 1312. The second portion of the 
connector 1312 provides etectrica! si^ials to a trailer 1304 via a cable 1308. 

Figure 1 3B is a rear view of the traaer 1 304 and shows a left skle reverse Nght 1 306, a right-side reverse fight 
1307, one or nnre nimmg fights 1320, end one or more brake lights 1321. Unfike the tractor 1302. many trailers have a 
separate assembly for the reverse ^ht 1307 and the other tatflights. 

Figure 13C iSustrates a typical example of an integrated taiir#t assembly 133a The assembly 1330 is 
typcaHy provnled as a rectangular housing havmg upper and lower chambers. The upper chamber encloses the reverse 
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trght and is covered by a white or clear lens 1 331 . The lower chamber encloses the running lights and brake lights and has 
aredlens133Z 

Some embodiments of the present invention provide easy instaOation of the radar sensors Into a truck or trailer 
by integrating the radar Into the existing style and form-factors of the taiHight assemblies 1306, 1307, and 1330. Power 
for the taaiight assembBes 1306, 1307, and 1330 (as weO as the other taOHghts on the trailer) is provided through the 
connector 1312. The configuration and number of electrical signal lines provided by the connector 1312 are standardized 
so that one tractor 1302 can be attached to virtually any trader 1304. Thus, some embodiments of the present inv^ion 
also provide easy integration of the radar sensor into the existing truck wiring by using current-carrier networking to 
provide data communications between the radar-taSlight assemblies and a central control unit The existing truck wiring, 
including the cables 1310 and 1306 and the connector 1312, are used to carry data between the integrated radar-taiHight 
sensor and a central control umt 

Figure 14 is a block diagram of a complete truck radar-tatight system that uses current-carrier networking to 
communicate between a central control unit 1402 and four radar-taillight sensor units 1420, 1430, 1440, and 1450. The 
radar*taQlight unit 1420 comprises a radar sensor unit 1421 and a reverse light 142Z In a preferred embodiment, the 
radar sensor unit 1421 recenres electrical power from the same wire that provides power to the reverse light 142Z The 
radar-taillight units 1430, 1440, and 1450 each comprise a radar sensor srniHar to the radar sensor unit 1421 and a 
reverse fight similar to the reverse light 1422. The radar-tailfight units 1440 and 1450 are mounted to the tractor and may 
replace the typical tafflight assembly 1330. The radar-taillight units 1420 and 1430 are mounted on a trailer. For 
example, the radar-talDight units 1420 and 1430 may replace the typical reverse Eght assembfies 1306 and 1307 shown 
in Figure 13B. The radar-tailight assembfies 1420 and 1430 receive power through the connector 1312. 

The radar taiOi^ sensors 1420, 1430, 1440, and 1450 are controlled by a central control unit 1402, which 
draws power from a electrical system represented by a truck battery 1404. The battery 1404 also provides powor to a 
first contact of a reverse switch 1406. The reverse switch 1406, also known as a reverse sender unit, is usually located 
m the transmission and activates when the transmission is placed in reverse. A second contact of the reverse switch is 
proviited to a reverse sense input 1405 of the conuol unit 1402, to a first temiinal of a network coupler 1408, to the 
connector 1312, and to the radar-taiight sensors 1440 and 1450 (collectively the reverse circuit 1407). 

A bi-doreclronal data port 1403 on the control unit 1402 is provided to a second terminal of the network coupler 
1408. The control unit 1402 also provnies data to the audn visual display 1314. One skilled in the art wi recognoB that 
the control unit 1402 and the ifisplay 1 31 4 may be combined in a single unit. 

The control urat 1402 sends data to the radar sensory such as the radar sensor 1421. by modulatoig the data 
onto an alternating ctarent (AC) carrier to produce a modulated carrier. The modulated carrier is coupled onto the reverse 
drojit 1407 fay the network coupler 1408. The modulated carrier is thus provided to the radar sensors m the taffight 
assend)lies because the reverse circuit 1407 connects to the radar-tail^ht assnnbfos. 
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The radar sensor 1421, provides a network coupler snnilar to the network coupler 1408. The radar sensor 1421 
receives the modulated carrier and extracts the data sent by the control unit 1402. The radar sensor sends data to the 
control unit 1420 in the same fashion that the control unit 1402 sends data to the sensor 1421, namely, by modulating 
the data onto a carrier, and then coupHng the carrier onto the circuit for the reverse fight. The control unit 1402 recehres 
the modulated carrier via the network coupler 1408. 

Communication between the central processor and the radar sensors, such as the sensor 1421, may be 
supported by a number of multiple access techniques, such as, for example, Fone Division Multiple Access (TOMA). Code 
Division Multiple Access (CDMA), Frequency Division Muhiple Access (FDMA), Carrier Sense Collision Detect Multiple 
Access (CSCOiMA), token passing techniques, etc 

The sense input 1405 on the control unit 1402 is optional The sense input 1405 Is coupled dmtly to the 
second terminal of the reverse switch 1406 so that the control unit 1402 will know when the reverse switch has been 
acthrated. In some embodiments, the radar sensor 1421 is not powered untfl the reverse switch 1406 is acthrated. Thus, 
the control unit 1402 may not be able to perform certain configuration reliability, and maintenance functions invohring the 
radar sensors until the reverse switch is activated. Tin sense input 1405 provides e convenient way for the control unit 
1402 to know that the radar unit 1421 is powered up and should be communicating. Thus, for example, if the control unit 
1402 senses that the reverse swhch 1406 is cbsed, but the radar sensor 1421 is not responifing, then the control umt 
1402 can warn the driver that the radar sensor is malfunctioning. 

In other embocfiments, the radar sensor 1421 is continuously powered and the radar sensor 1421 provkles 
switching circuits to turn the lamp 1422 on and off in response to commands from the central control unit 1402. 

In yet other embodiments, the control unit 1402 may provide a continuous, kiw power, canrier signal to the radar 
sensor 1421. The b)w power signal is desirably too low m voltage to cause the lamp 1422 to glow, but high enough in 
voltage to operate the communicatimi function circuits in the radar sensor 1421. The radar sensor 1421 extracts the low 
power signal rectifies and filters the extracted signal, and provides the rectified and f ihered signal to a dc-to-dc converter. 
The dc to-dc converter provides sufficient voltage to operate portions of the radar sensor 1421. Alternatively, tiie radar 
sensor 1421 may use a transformer to step the unmodulated earner from a low voltage to a higher voltage tiiat is tiran 
rectified and filtered to provide power for tie radar sensor 1421. 

Figures 15A-6 show various emboifiments of ti» int^rated radar-tailBght assembly. Figure ISA shows an 
integrated radar-taBgfat assembly 1500 to replace tiie t^lQht 1330 shown m Rgure 13. The tailighu 1330 and 1500 
provMle a reverse fight, a running fight, and a brake fight. The assembly 1 500 inchides a hou«ng 1 502 having upper and 
lower compartments^ The upp^ compartment contains a reverse lamp 1510 mounted in front of a reflector 1508, Light 
fnmi tin reverse lamp 1510 shines through a dear (or wMte) lens 1504. The lower compartment contains a 
runidng/br^dng lamp 1512 mounted in front of a reflector 1514. Tbe lamp 1512 typically has two faaments, a first 
filament b used for tiie running Fight and a second f iament, or botii filaments togetiier, for tiie brake tight Light from tin 
nmningibraldng lamp 1512 shines tiirough a red iens 1506. A transmittmg radar antenna 1517 and a reca'wng radar 
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antenna 1518 are mounted in front of the reflector 1514. ElectroMagnetic (EM) radiation from the radar antennas 1517 
and 1518 passes through ttie lens 1506 with little attenuation, thereby aflowing the antennas 1517 and 1518 to "see* 
through the lens 1506. 

In one embodiment the antennas 1517 and 1518 are patch antennas that are conformal to the surface of the 
reflector 1506 and separated from the reflector by a thin layer of dielectric material The surfaces of the patch antennas 
may be painted white or coated with a shiny material (e-g., tin) and polished so that the antennas 1517 and 1518 reflect 
fight from the lamp 1512. 

In another embodiment, the antennas 1517 and 1518 may be antennas (e.g., dipotes) that are mounted to the 
back of tfie lens 1506. In yet another embodiment the antennas 1517 and 1518 are slot antennas, being slots made in a 
wire grid. The wire grid (Le., a wve screen) functions as a ground plane at radar frequencies and yet aOows light from the 
lamp 1512 to pass through. 

The antennas 1517 and 1518 are operably connected to a radar circuit board 1516 mounted behind the reflector 
1514. The reflector 1514 acts Hke a heat shield to keep heat generated by the lamp 1512 away from the etectronie 
components mounted on the circutt board. The electronic components for the radar sensor are mounted on the radar 
circuit board 1516. The radar circuit board 1516 is shown in the tower compartment of the housing 1502 because the 
lower compartment is usually much larger than the upper compartment One skilled in the art wi recognize that the radar 
circuit board 1516 may also be placed in both compartments or in the upper compartment as weO. 

Wire leads 1520-1523 provide connections for ground, reverse light Ivake light and running fight respectivefy. 
The leads 1522 and 1523 are provided to the lamp 151Z The leads 1522 and 1523 may also be provided to the radar 
circuit board 1516 to aRow the radar circuit board 1516 to sense the filament voltages of the l^p 1512. The lead 1521 
ts provided to the radar circuit board 1516 and to the reverse lamp 1510. The ground lead 1520 is provided to the lamp 
1512, the Isnp 1510, and the radar circuit board 1516. 

The radar circut board 1516 provides the radar smisor and communications functions as described in connection 
with Figure 16. Radb Frequency (RF) signals generated by the rada- circuit board 1516 are provided to the transmitting 
antenna 1517, which radiates ElectroMagnetic (EM) waves through the tens 1506 and into the space behind the tailight 
assembly 1500. The EM waves are reflected by targets behind the assembly 1500. The reflected waves pass through 
the lens 1506 and are recehred by the receiving antenna 1518. The receiving antenna converts the EM waves into RF 
cunrents that are provided to the radar circuit board 1516. 

An optkmal optical sensor 1503 may be provided bi the upper chamber of the housing 1502 and an optronal 
optical sensor 1505 may be provided in the hniver chamber of the housing 150Z The optical sensors 1503 and 1505 each 
provide a signal to the radar circuit board 1516 m response to light from the lanps 1510 and 1512 respectiveiy. 
Alternatively, the sensors 1503 and 1505 may be cunrent sensors that sense the current through the lamps 1510 and 
1512. Using information from the sensors 1503 and 1505, the communication circuiu m the radar circuit board 1516 
S8nd a warning to the (Imrer if the lamps maifim^ 
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The lamp 1512 has a filament for the nmning fight ami thus may be on for long periods of time. Heat from the 
fSament wQi catise the temperature inside the housing 1502 to rise significantly. Moreover, the lamp 1512 has an 
additional filament that is used in connection with the brake light When the brake lights are activated, the lamp 1512 Is 
operating m a higher output mode and is producing even more heat. Thus, even though the brake lights may not be used as 
much as the running lights, op^atnn of the brake fights can produce a significant heat rise in the housing 1502. Tests 
indicate that the lamp 1512 can cause a temperature rise of over 100 degrees Celsius inside the housing 1502. This 
temperature wiH cause the temperature of electronic equipment such as the radar circuit board 1516, to rise and thereby 
possUy adversdy affect the operation of the radar sensor. 

Replacing the lamp 1512 with an array of Light Emitting Diodes (LEDs) can reduce the temperature rise caused 
by the lamp 1512. Hgures 15B and 15C stow side and front views of an alternate embodiment of an integrated radar- 
taiOight assembly 1530 to replace the taiffight 1330 shown in Rgure 13. The assembly 1530 b smdiar to the assembly 
1500 In many respects, eicept that in the assembly 1 530, the lamp 1 51 2 and the reflector 1 514 are replaced by an array 
of red LEDs. LEDs produce less heat than an incandescent lamp and thus produce a smafler heat rise inside the housing 
150Z Tests indicate that an array of LEDs causa the temperature mside the housing 1502 to rise only a few degrees 
Celsius. Advantageously, the LEDs have a much tonger useful life than an incandescent lamp. The array of LEDs also 
provides considerable fault tolerance since the failure of a few LEDs in an array of LEDs win not significantly affect the 
total li^ output of the array. 

The assembly 1530 includes the housing 1502 having upper and lower compartments. The upper compartment 
comains the reverse lamp 1510 mounted in front of the reflector 1508. Light from the reverse lanqi 1510 shines through 
the lens 1540. The lower compartment contains the array of LEDs mounted to an LED circuit board 1531. The array of 
LEDs is wired to provitte two light output levels, a lower output level for the running fight and a higher level for the brake 
light. Light from the ^ay shines through the red lens 1506. A transmitting radar amenna 1536 and a receiving radar 
antenna 1534 are provided on the surface of the LED circuit board 1531. The antennas 1534 and 1536 are preferably 
praited circuit type antennas such as patch antennas or prmted dipole antennas. The LED circuit board 1531 is prefB^ably 
a thre»4ayer circuit board having first second, and third layers of conductors. The first layer of conductors is the outer 
layer (near tha array of LEDs) and provides the patch antennas 1534 and 1536. The second layer is a ground plane layer 
for the patch antennas. The third layer provides drcuh connections for the array of LEDs. 

bi another embodiment the antennas 1 534 and 1 536 are mounted to the back of the lens 1 506 or mounted in 
the space between the LED drcuit board 1531 and the lens 1506. ta yet another embodiment, tha antennas 1534 and 
1 536 are slot antennas, being slots made In a w've gridl 

The radar circuit board 1516 is mounted behind the LED circuit board 1531 and tha antennas 1534 and 1536 
are operaUy connected to the radar circuit board 1516. One skilled In the art will recognize that the radar drcuit board 
1516 and the LED drcuit board 1531 may be combated. The electronic components for the radar sensor are moimted on 
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the radar circuit board 1516. One skfflad in the art recogniza that the radar circuit board 1516 and/or the antennas 
1534 and 1536 may also be place in separate compartments, upper compartment etc 

Wire leads 1520-1523 provide connections for ground, reverse light, brake light and running fight respectively. 
The leads 1522 and 1523 are provided to the LED circuit board 1531 to power the LEDs. The lead 1521 is provided to the 
radar circuit board 1516 and to the reverse lamp 1510. The ground lead 1520 is provided to the LED circuit board 1531. 
the lamp 1510 and the radar drcurt board 1516. 

The radar circuit board 1516 provides the radar sensor and communications functions as described in connection 
with Figure 16. The optional optical (or current) sensor 1503 may be provided in the upper chamber of the housing 150Z 
An optional optical (or current) sensor 1 505 may also be provided in the lower chamber of the housing 1 502. Outputs from 
the sensors 1503 and 1505 are provided to the radar circuit board 1516 and the communication circuits in the radar 
circuit board 1516 send a warning to the driver if the lamp 1 51 0 or LEDs malfunction. 

Figures 15D end 15E show side and front views of an integrated radar taSight assembly 1550 to replace the 
reverse taiCght 1306 (and 13071 shown in Figure 13. The reverse taiHight 1306 provides a reverse light only. The 
assembly 1550 includes a housmg 1555 containng a reverse lamp 1554 mounted in front of a reflector 1556. Light from 
the reverse lamp 1554 shines through a dear (or white) lens 1551 A transmitting radar antenna 1558 and a recehring 
radar antenna 1560 are mounted in front of the reftector 1556. ElectroMagnetic lEM) radiation from the radar antennas 
1556 and 1560 passes through the lens 1553 with Bttie attenuation, thereby eRowmg tiie antennas 1556 and 1558 to 
radate. 

bi one embodiment the antennas 1556 and 1558 are patch antennas, similar to the patch antennas 1517 and 
1518. that are confonnel to tiie surface of tiie reflector 1506 and separated from the reftector by a tiun layer of dielectric 
material. 

In another Bmbo(im»it tiie antennas 1558 and 1560 may be mounted to the back of tin lens 1553. In yet 
another embodanent the antennas 1556 and 1560 are slot antennas, being slots made m a wire grid. 

The antennas 1558 and 1560 are operebly connected to the radar circuit board 1516 mounted behind the 
reflector 1553. The reflector 1553 acts fike a heat shield to keep heat generated by tiie lamp 1553 away from tiie 
electronic components mounted on the circuit board. The electronic components for the radv sensor are mourned on the 
radar circuit board 1516. Wire leads 1551 and 1552 provicte connections for ground and revise fight respectively. The 
lead 1552 is provided to the radar circuit board 1 516 and to the revo^se lamp 1554. The ground lead 1551 is provkled to 
tin lamp 1 554. and tin radar circuit board 1 51 6. 

The optional sensor 1503 provides a signal to the radar circuit board 1516 ni response to the lamp 1554. The 
communication circuits in the radar circuit board 1516 send a warning to the drhrer if the lamp 1554 malfimctions. 

Figuns 15F and 156 show side and front views of an alternate embodimem of an nitegrated radar taOBght 
assembly 1580 to replace tin taiBight 1308 shown in Ftgum 13. The assembly 1580 b similsr to tin assembly 1550 m 
many respecti. axcqrt that in tha assembly 1580. tiia lamp 1554 and flie refl^ 
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Light Emitting Diodes (LEDs). The lamp 1554 may take several mBliseconds to wamt-up. During the warm-up period the 
lamp 1554 draws a heavy current that may interfere with the operation of the radar circuit board 1516. LEDs, in addition 
to the other qualities listed above, provide almost Instant on capability, with littie or no initial current surge. Thus, the use 
of LEDs keeps the housing 1 555 cooler and provides better startiqi current conditions for the radar circuit board 1516. 

The assembly 1580 includes the housing 1555 and an array of LEDs mounted on an LED circuit board 1571. 
Li^t from the LEDs sNnes through the lens 1553. A radar antenna 1575 and a radar antenna 1576 are provided on the 
surface of the LED circuit board. The antennas 1534 and 1536 are simaar to the antennas 1536 and 1534 discussed in 
connection with Figures 15B and 15C. Construction of the LED circuit board 1571 is simOar to construction of the LED 
circuit board 1 531 also discussed in connection with Rgures 1 5B and 15C. 

In other embodiments, the antennas 1575 and 1576 may be stot or dipote antennas mounted belund the lens 

1553. 

Wire leads 1551 and 1552 provkfo connections for ground and reverse light respactively. The lead 1552 is 
provided to the radar drciat board 1516 and to the LED circuit board 1571. The ground lead 1551 is provided to the LED 
cirouit board 1571 and to the radar drcuit board 1516. 

Figure 16 is a btock diagram of a radar sensor 1600 showing one embodiment of the functions provided by the 
radar circuit board 1516. A V-i- input 1512 provides power ami current-cannier signals to the radar circuit board 1516. 
The V* input 1512 may be provided by the reverse light circuit 1407, as shown in Figure 14. A ground coimection is 
provided by a ground input 1514. The input 1512 is provided to an input of a power fStering and conditioning block 
1602 and to a first input/output port of a network coupler 1604. The network coupler 1604 provides extraction fmput) 
and insertkm (output) of a modulated carrier signal onto the input 1512. A second input/output port of the network 
coupler 1604 is provided to a first port of a ffltering and signal conditioning block 1606. A second port of the fOtering and 
conditioning block 1606 is provided to an input/output port of a data modulation/demodulation block 1608. A data output 
of the data modulation/demodulation block 1608 is provided to a coded data input of a data coding/decoding block 1610 
and a coded data output of the data cotfing/decoding block 1610 is provMed to a data input port of the data 
modulation/demodulation btock 1608. A bi-cirectional data bus 161 1 connects the data codingidecoding block 1610 to a 
redar section 161Z An RF output of the radar section 1612 is provided to a transmitting antenna 1651 and an RF input 
of the radar sectu>n 1612 is provided by a rec«ving antenna 1650. 

A power output of the power filtering and conditioning bkick 1 602 is provkled to a power ir^t of the network 
coiqiler 1604, to a power input of the filtering and signal conditioning block 1608, to a power input of the data 
modulation/demodulation block 1608, to a power input of the data coifingfdecoding block 1610 and to a power mput of the 
radar section 161Z One skilled in the art wiB recognize that some of the blocks shown in F^ure 16, such as the network 
coupler 1604 and the filtering and signal conditioning block 1606 may, in some embodonents, be constructed from passhre 
components. 
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The power supplied to the input 1501 is often "dirty" power conteining engine noise, voltage spikes, current 
spikes, etc The power filterii^ end conifitiontng btock 1602 converts the ifirty power from the V-^ input 1501 mto clean 
power at the power output port. The clean power is used to operate the active circuits in the redar sensor 1 BOO. 

The blocks 1604, 1606 and 1608 and 1610 comprise a network interfece 1601 between the input 1512 
and the radar section 161Z When tiie network interface 1601 is recoving data, tite network coupler 1604 extracts 
modulated cerrier signals from the V-t- input 1512. When tiu network interface 1601 is transmitting data, the network 
coupler 1 604 inserts a modulated carrier signal on the V-t- input In one enibodim»it the network coupler 1 640 comprises 
a series capacitor that connects the first input/output port of the network coupler 1 640 to the second input/output port of 
the network coupler 1640. In other embodiments, the network coupler comprises impedance matching elements, such as, 
for example, a transformer, to match the impedance of the V-»> input 1512 to the Impedance of the filtering and signal 
conifitioning bkMrk 1606. In other embodimems, the network couplo^ 1604 comprises active elements to provide signal 
amplification and conditioning. The filtering aral signal conditioning block 1606 provides additional signal processing to 
dean up input signals extracted by the network coupler and to prepare output signab for insertion onto tite V-i- port. 

In one embodknent, portions of the network interfece 1601 are implemented using an SSC P1 1 1 Power Line (PL) 
Meifia Interface bitegrated Cbcuit (IC) and an SSC P200 PL Network Interface IC, botii manufactured by the Intelkm Corp. 
hi another emboiEment portions of the network interface 1601 are im|riemented using a PLT*21 transceiver 
manufactured by tiie Echelon Co., and an MC143120B1 processor manufactured by Motorola, bic 

The data modulatkin/demodulatian bkick 1608 demodulates the moduiBted carrier si^ials received from tiie 
network coupler 1604 and provides tiie demodulated (but still coded) data to the data coding/decoding block 1610. fai 
otiier wordi, tiie modutation/demodidation btock 1608 does not interpret ttie data, but rather provides tin streem of 
demodulated data bits to the deta codingfdecoding bbck 1610. Likewise, the modidation/demodulation bkick 1610 
recehres coded data from tiie data coding/decoding block 1 610 and modulates the data onto the transmission carrier. 

The data coding/decoding block 1610 interprets tiie data receved from the modulation/demodulation block 
160B. bi the block 1610, the demodulated bit stream is separated into packets and interpreted. In one embodiment, tte 
packets contain address bits and data bits. Each radar sensor 1600 is assigned an address so that the control unit 1402 
can send specific commands to specific radar sensors. If tiie address bits in a packet match the address of tiie radar 
sensOT 1600, then the data bits from tiiat packet ere interpreted as commamb and data for the radar sensor 1600. The 
control unit 1402 may also said broadcast packets, which are received by aO sensor units. The data co(fing/decoding 
Uock 1610 also collects commands and data into packets (each comprising an address and data) that are to be sent to 
otiier radar sensors or to the control unit 1402. 

The radar section 1612 provides flie actual radar functionality, hi one embodiment tiie radar section 1612 is 
emhoified by tiie radar section 402 shown m F^ure 4. In this embodknent, the bi-directional bus 161 1 comprises the TX 
signal 410, tiie RX s^nal 412 and tin IF signal 414 shown ki Figure 4. The central control unit 1402 send TX and RX 
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commands (corresponding to the TX and RX signal lines) to the radar sensor 1600, and the radar sensor unit 1600 sends 
IF commands (corresponding to digitiied data from the IF ine) back to the central control unit 1402. 

In another onbodiment, the radar section 1612 is embodied by the ratter section 402 and the Analog Section 
404 diown in Figure 4. In this embodiment the bi-ifirecttonal data bus 161 1 comprises the »gnal lines 420, 421, 42Z, 
424, 426 and 428 shown m Figure 4. The central control unit sends SENSOR ENABLE, PROG ENABLE, PROG CLK and 
PROG DATA IN commands to the radar sensor 1600 and the sensor 1600 responds with digitized ANALOG data and 
PROG DATA OUT commands. 

bi another embodknent, the radar section is embodied by the RF section 402, the Analog Section 404, and the 
controller section 406 shown in Figure 4. In this embodiment, the bi-cfirectional data bus 1 61 1 comprises the vehicle mput 
bus 430 and the display bus 432 shown in Rgure 4. The c&itral control unit sends vehicle input commands to the radar 
sensor 1600, «id the sensor 1 600 responds with target infomiation and/or (fisplay commands. 
Intellinent Backup Wamino Device 

In aiother embodiment of the present inventioa the audible warning device 122, illustrated in Hgure 1, b an 
inteigent warning device comprising en audible alarm and the networic interface 1601. The mtelligent warning device 
may receive commands from the central control umt 1402 and/or a sensor, such as the radar sensor 1 600. The commands 
received by the intelBgent warning device 122 may instruct the warning device to wariile, to change prtcl^ to change 
volumet, etc to more effectively warn of danger. For example, the wmkm 124 shown in Figure 1, upon hearing the 
wermng device 122 change to a different sound, wouM reaize that he was in danger of being inpirei The backup warning 
device 122 is powered by the reverse circuit 1407. Thus, providing the audible warning device 122 with the network 
niterface 1601 alkiws the central control unit 1402, or the radar sensors 1600, to send commands to the warning device 
122. 

Improved Data EfficiCTCV m an Automotive Ranpino Radar 

Some of the desirable qualities of a high-perfonnance vehicular radar system include low cost, good 
manuf acturability, and stable operation over time and temperature. Manuf acturability and stability can be improved by 
replacing analog processing with digital processing. However, the data processing and communication requirements in 
a digital system can become unwieldy if measures are not taken to control the amount of data produced. One way to 
reduce the cost of the system is to reduce the amount of digital data that Is produced and processed by the radar 
system. In a preferred emboifiment, the amount of digital data is reduced by controlling the number of analog-to-digital 
conversions. Preferably, digital samples are produced during desired time periods correspomfing to ctesired target 
ranges and digitd samples are not produced during other periods corresponding to other target ranges. Reducing the 
amount of data, reduces syston cost end complexity by allowmg a simpler, slower, DSP to be used to process the 
data. 

r^re 17 shows one embodnnent of a kiw-cost computer-based radar system 1700 similar to the system 
shown in Figure 4. The system 1700 produces a detector signal from an Intermediate Frequency (IF) signal by using 
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fast analog sampling foHowed by lowpass filtering and stow digital sampling. The system 1700 comprises an antenna 
section 1702, an RF section 1704. a signal processor section 1706 and a controOer 1708. In the system 1700. a 
switched-analog detector signal 1765 is provided to the controller 1708 such that the controller 1708 need only 
perform digital-to-analog conversions during a desired time period when the detector signal is expected to contain 
target information on desired targets. 

The antenna section 1702 includes a transmit antenna 1710 and a receive antenna 1712. An RF output 
signal from the RF section 1704 is provided to the transmit antenna 1710. An output of the receive antenna 1712 is 
provided to an RF input of the RF section 1704. 

The RF section 1704 sends RF transmit pulses to the transmitting antenna 1710 in response to transmit 
command pulses from the signal processing section 1706. The transmit command pulses from the signal processing 
section 1706 are provided to a control input of a SPST RF switch 1714. A first terminal of the SPST RF switch 1714 
is provided to the transmit output of the RF section 1704. 

Inside the RF section 1704, an output from an RF oscillator 1720 is provided to an input of a transmit RF 
amplifier 1718 and to an input of a local osdDator (LO) RF amplifier 1722. An output of the LO RF amplifier 1722 is 
provided to a first input of a mixer 1726. The mixer 1726 is used as a downconverter to convert the RF frequency 
radar signal into an Intermediate Frequency (IF) signal. The recehrer input of the RF section 1704 is provided to an 
input of a Low Noise Amplifier (LNA) 1724. An output of the LNA 1724 is provided to a second mput of the nrixer 
1726. An output from the mixer 1 726 is provided to IF output of the RF section 1 704. 

An output of the transmit ampMier 1718 is provided to an input of a programmable attenuator 1716. An 
output of the programmable attenuator 1716 is provided to a second terminal of the SPST switch 1714. An RF 
attenuation command from the controller 1708 is provided to a control input of the programmable attenuator 1716. 

Inside the signal processor section 1706, an output from a first Pulse Repetition Frequency (PRF) oscillator 
1736 is provided to an mput of a control gate 1734. An output from a second PRF oscillator 1740 is provided to an 
input of a second control gate 1738. An output from the control gate 1734 is provided to a trigger input of a 
monostable multivibrator (one-shot) 1732 and to a signal input of a progranmiable delay 1742. An output of the one- 
shot 1732 is provided to an mput of a switch driver buffer 1730. An output from the buffer 1730 is provided to the 
transmit control output of the signal processor section 1706. A transmit pulse width control output fronr the 
controfler 1708 is provided to a pulse width control input of the one-shot 1732. A first oscillator selector output from 
the controller 1708 is provided to a control input of the gate 1734. A second oscillator control output from the 
controlter 1 708 is provided to a control input of the gate 1 738. 

A delayed signal output from the programmable delay 1742 is provided to a trigger iiqiut of a one-shot 1744. 
A switched output from the one-shot 1744 is provided to a switch drhrer buffer 1746. An output from the buffer 
1746 is provided to a control input of a SPST switch 1754. A receive pulse width control output from the controller 
1708 is provided to a pulse width control input of the one-shot 1 744. 
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The IF output from the RF section 1704 is provided to an input off a bandpass ffilter 1750. An output from 
the bandpass fOter 1750 is provided to an input off an ampllffier 1752. An output off the amplifier 1752 is provided to a 
first terminal off the SPST switch 1754. A second terminal off the SPST switch 1754 is provided to an input off a low- 
pass ampllffier 1756. An output ffrom the low-pass ampllffier 1756 Is provided to a ffirst terminal of a SPST switch 
1746 and to an input off a programmable gain block 1760. 

A second terminal off the SPST switch 1748 is provided to ground. A detector control signal ffrom the 
controller 1708 is provided to a control input off the SPST switch 1748. 

An output ffrom the programmable gain stage 1760 is provided to a two stage ampiiffer comprising a ffirst 
amplir»r 1762 and a level shifter 1764. An output off the Iml shifter 1764 is provided to an analog detector signal 
input of the controller 1708. 

Programming for the controller 1708 b provided by a program memory 1766, which may comprise a Read 
Onhr Memory (ROML an Electrically Erasable Programmable Read Only Memory (EEPROM), a flash memory, a random 
access memory, and the like. Information comprising programs and data is provided from the program memory 1766 
to the controller 1708. 

in one embodiment, the radar system 1700 exchanges data with other devices in the vehicle by modulating 
the data onto and off of a power line as described in connection with F^ure 13. Thus, the radar system 1700 in 
Figure 17 depicts a power connector 1772 connected to a vehicle power cable. A power output from the coimector 
1772 is provided to an input of a voltage regulator and power conditioner 1774. One or more outputs from the 
regulator 1774 are provided to power inputs of the controller 1708, the signal processing section 1706, and the RF 
section 1704. 

A ffirst bi-directional data output from the connector 1772 is provided to an input off a user information 
control block 1768. An output ffrom the user infformation control block 1768 is provided to a user control input off the 
controller 1708. A second bi-directionat data output ffrom the connector is provided to an input off an data 
communication block 1770. An output ffrom the data communication block 1766 is provided to a data input of the 
controller 1708. 

The RF section 1704, signal processor 1706, and controller 1708 function in a manner similar to the RF 
section 402, analog section 404, and controller section 406 described in connection with Rgure A. The analog 
sampling switch 1754 provides analog samples of the IF signal to the lowpass ampllffier 1756. The filtered samples 
are ampfifted and provided as an analog detector agnal to an analog detector signel input of the controller 1708. In 
one embodbnent. the controller 1708 includes an anatog-to-digital converter to convert the analog detector signal into 
a i^ital data signal 

Aralog components^ such as the analog sampling switch 1754 and the lowpass ampfiffier 1756 are often 
troublesome to manufacture and may introduce operational stabiity probkems due to long-term drift temperature 
sensithrity, etc Figure 18 shows one embodiment of a digital signal processor (OSP) based radar system 1800. The 
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system 1800 uses fast digital sampling and a digital detector In a Digital Signal Processor (DSP) in place of the analog 
fast sampling detector in the system 1700. The system 1800 is, for the most part, similer to the system 1700 and 
includes the antenna section 1702, the RF section 1704 and the controller 1708 shown in Figure 17. The system 
1800 mchides a signal processor section 1806 that is similar to the signal processor section 170B with a few 
alterations. In the s^nal processor 1806, the IF output from the RF section 1704 is provided to an Input of a lowpass 
filter 1810. An output from the lowpass filter 1810 is provided to an Input of a programmable gain amplifier 1812. 
An output from the programmable gain amplifier 1812 is provided to an analog input of a fast analog-to-digitai (A/D) 
converter 1816. An output from the programmable delay 1742 is provided to a control input of the A/D converter 
1816. A digital output from the analog to-digita! converter 1816 is provided to a first input of a DSP 1820. A digital 
output from the DSP 1820 is provided to a digital detector input of the controller 1708. A gain control output from 
the controller 1708 is provided to a gain control input of the gain-controlled amplifier 1 BIZ 

The A/D converter 1816 converts the filtered analog IF ngnal into digital samples in response to a control 
signal from the time delay 1742. The DSP 1820 processes the digitel samples (corresponding to a desired target 
range), thereby reducing the number of digital samples. Reducing the number of digital samples reduces the amount of 
data that the DSP will have to process, thereby reducing the complexity and cost of the system 1800 by allowing a 
simpler, less-expenshre, DSP to be used. 

The radar system 1800 provides a higher level of functionality than the system 1700 owing to the signal 
processing capabities of the DSP 1820. The DSP provides signal processing on the digitized IF signal and provides 
the processed data to the controller 1708. In one embodiment, the DSP provides signal processing, including, fore 
example, digital filterii^ to extract information regarding targets from the digital samples. The digital filtering may 
include finite impulse response filters, infinite impulse response filters, non-linear fihers, etc The use of digital 
filtering provides more versatility and lass time delay than the f ihering provided by analog f ihenng. 

The DSP 1820 provides a high level of functionality, but at a cost. Figure 19A is a block diagram of a radar 
system 1900 that reduces the cost of signal processing as compared to the system 1800 by eriminating the DSP 
1820. The system 1900 is, for the most part, similar to the system 1700 and Includes the antenna s^tion 1702, the 
RF section 1704 and the controller 1708 shown in Figure 17. The system 1900 mchides a signal processor section 
1906 that is sinilar to the signal processor section 1708 with a few alterations. In the signal processor 1906, the IF 
output from the RF section 1 704 is provided to an input of the lowpass filter 1 810. An output from the lowpass filter 
1810 is provided to an Input of a programmable gain amplifier 1812. An output from the programmable gain amplifier 
1812 is provided to an analog input of an anatog-to-dgital (A/D) converter 1920. An output from the programmable 
delay 1742 is provided to a control input of the A/D conv^er 1920. A digital output from the A/D converter 1920 is 
provided to a digital data input of the controller 1708. 

The radar system 1900 reduces the amount of digital data processing by reihicing the number of digital 
samples. The A/D converter 1820 converts the filtered analog IF signal into digital samples m response to a trgger 
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pulse rather than at regular intervals. This Gmits the number of digital data samples provided to the controller 1708 to 
the samples that are most useful. The output from the programmable delay 1742 controls the iteration of the A/D 
converter 1920 such that the A/D converter 1920 provides digital output samples during de^red time periods. The 
desired time periods are selected by the programmable delay 1 742 and correspond to desired target ranges. 

As discussed above, the system 1700 uses fast analog sampfing (provided by the switches 1754 and 1746) 
followed by lowpass filtering (provided by the amplifier 1756). The lowpass filtering is followed by amplification and 
slow digital swnpling. The systems 1800 and 1900 use fast digital sampling. Thus, the systems 1600 and 1900 
provide a simplified system block diagram, resulting in overall reduced cost The fast digital sampling system can be 
implemented "on-chip" with fewer capacitors and other analog components. This makes the digital sampling system 
more manufacturable, more reliable, and more stable than analog designs. The digital sampling system is easily 
implemented using one or two sbnple integrated circuits with a small number of external components. 

The OSP-based system 1800 and the controlled A/D-based system 1900 provide digital samples in response 
to commands from the controller 1708 rether than relying on a hardware PRF (Pulse Repetition Frequency). This 
configuration allows the processor to imptement dithering and other signal-enhancing algorithms efficiently. Also, 
since range readings are eveileble immediately, tiie system can provide a faster and more accurate response than 
anabg-based systems. Since the controller 1708 can obtain digital data "at wfll' the processing requirements are 
reduced, depenifing on the application requirements. 

Figure 19B is a flowchart showing the operations performed by the controller 1708 to obtam digital radar 
data fai tiie systems 1800 and 1900. The flowchart begins at a process block 1949 where the controller 1708 sets 
the transmit attenuation in the programmable attenuator 1716, thereby effectively establishing the transmitter power. 
Higher powers are used for long renges and lower powers are used for short ranges. After setting the transmit 
power, the process advances to a process block 1950 where the controller 1708 sets a width of the transmit pulses 
generated by the one-shot 1732. Relatively longer pulse widths are used for long ranges and relathrely shorter pulses 
are used for shorter ranges. After setting the transmit pulse width, the process advances to a process block 1952 
where the controller 1708 selects a PRF by selecting either the PRF oscillator 1736 or the PRF oscillator 1740. A 
relathrely faster PRF is used for targets at shorter distances and a relatively slower PRF is used for targets at longer 
distances. After selecting a PRF, the process advances to a process block 1954 whae the controller 1708 selects a 
minimum target range by programming a time delay into the programmable time deley 1742. Relatively longer ddays 
correspond to relatively larger minimum target ranges. After setting tin minimum target ifistance, t\m process 
advances to a process bbicJc 1956 where the controller 1708 sets the recewer gain by programming the programmable 
gam biock 1 760. Typicafly, higher geins ere used In connection with longer renges end smaller targets. 

After setting the recehrer gain tiie process advances to a process block 1958 where the controRer 1708 
coHects a group of digital data samples from the signal processor. The PRF oscillators 1734 and 1740 are typically 
free-running osdliators that continually produce trensmit pulses. The continuous tram of transmit pulses results in a 
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continuous train of received analog data that is provided to the A/D converters 1616, 1920. The delay set in the 
programmable delay 1 742 determines which of the digital A/D outputs are processed. 

After obtaining a group of digital data samples selected in the process block 1958, the process advances to a 
process block 1960. In the process block 1960, the digital samples are analyzed to extract target range and Doppler 
information. The process then advances to a process block 1962 where the target data is sent to the user interface 
(fisplay controller. After sending the data, the process advances to a decision block 1964 where the process 
determines whether or not the operating parameters need to be adjusted. If the parameters do need adjustment, thm 
the process jumps back to the process block 1949, otherwise: the process jumps back to the process btock 1958 to 
obtain more target data. 
Speed-Sensitive Lane-Chanoe Aid System 

As discussed above in connectton with Figure 2, radar systems that detect objects (targets) in a driver's 
blindspot can hefp make lane-change maneuvers safer for an and less stressful for the driver. Desirably, lane-change 
radars, such as the radar units 208 and 210 shown in Figure 2 detect vehicles in the adjacent lane, but do not false- 
trigger on vehicles two lanes over, or false trigger on stationary objects such as parked vehicles, barriers, posts, lamps, 
trees, and the liker that may pass through the radar's fieM of view. One aspect of the present invention is a radar 
system that reduces the number of false alanns by using the speed of the driver's vehicle to control some aspects of 
the operation of the lane-change aid system. 

Figure 20 shows a lane-change aid system comprising a radar sensor 2002, a speedometer pick-up 2004, a 
turn-signal pick-up 2008, and a user interface 2010. The user interface 2010 includes a control unit, such as the 
control unit 222 shown in Figure 2 or the control unit 1402 shown in Figure 14. The user interface also inckides one 
or more displays such as the display 224 shown in Figure 2 or the display 1314 shown in Figures 13 and 14. 

The speedometer pick-up 2004 provides vehicle speed information to the user interface 2010. In one 
embodiment user mterface 2010 obtains information from the sprodometer pick up 2004 via a vehicle information 
bus. The turn-signal pick-up provides turn-signal information to the user interface 2010. The radar sensor 2002 (such 
as for example, the radar 208 shown in Figure 2, or the radar 1421 shown in Figure 14) measures targets based on 
target range and optionally target Doppler (velocity) as discussed in connection with Figure 10. In one embod'tment 
the radar sensor 2002 comprises a vehicle left side sensor and a vehide right side sensor as shown in Hgure Z 
Communication between one or more of tfie blocks shown in Figure 2000, including the user interface 2010, the tum- 
sqnal ptck-iq) 2008, tiie speedometer pick-up 2004 and tfie radar sensor 2002 may be provided by data modulated 
onto the vehide power fines as descrOied m connection vnth F^ures 16 or by other communication systems. 

As nidicated, the radar sensor 2002 preferably measures distance to target and the system 2002 is able to 
iSstinguish between multiple targets on tfie basis of range and Doppler. This allows the lane-change system to 
distinguish between ifistant closer objects. For example, range detection allows tin system 2000 to distinguish 
between a motorcycle in the adjacent lane and a bus two lanes over. 
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To further reduce false triggers, especially in city driving, the lane change aid system 2000 uses the speed of 
the vehicle. In one embodiment the lane-^hange system uses Doppler processing as discussed in connection with 
Figure 16 to determine vehicle speed. In another embodiment the lane-change system receives vehicle speed 
information from the speedometer pick-up 2004. The system 2000 preferably reduces the maximum detection range 
at lower speeds. In one embodiment, the system 2000 provides a maximum range of about 9 feet above 45 mph (miles 
per hour), a maximum range of about 6 feet from 25 to 45 mph, and a maximum of about 3 feet from 15 to 25 mph, 
and below 10 mph the system ignores ail targets. The system 2000 preferably estimates the speed of a target by 
measuring the relative speed between the target and the vehicle (by measuring the Doppler shift of the radar signal 
recehred from the target) and then subtracting the actual speed of the vehicle from the relative speed. These system 
2000 warns the driver about targets that are moving at approximately the same speed as the vehicle (i.B., low Doppler 
targets). The system 200 does not warn the driver about targets that are stationary or moving at a slow speed (i.e., 
high Doppter targets). 

Alternately, the system 2000 may reject all targets that have a relative speed (the speed relative to the 
speed of the vehicle) above some fbced amount. That is, targets with a large Doppler may be rejected on the 
assumption that they are not veMcles in adjacent lanes but rather fixed objects near the lane. Rqecting targets with a 
large Doppler does not necessarily require data from the speedometer pick-up 2004, and is thus useful when the 
speedometer ptck-up 20D4 is onntted or malfunctioning. 

In one embodiment, the user interface 2010 includes one or more eudible warning devices and one or nnore 
visual wOTing devices. Suitable audible warning devices include buzzers, loudspeakers, tone generators, and the like. 
Suitable visual warning devices include lights, light emitting diodes, fluorescent displays, plasma displays, heads-up 
displays, computer displays, dashboard indicators, mirror indicators, and the like. Typically, the visual warning 
devices are acthre at all times (or when the vehicle is travelling above some selected minimum speed) in order to gwe 
the driver information about cars in the driver's blindspot. However, in order to avoid annoying the driver, the audible 
warning devices are typically only acthre whni the drhrer is actually trying to change lanes and the radar detects a 
vehicle in the adjacent lane. In one embodiment, the buzzer is enabled when the turn-signal pick-up indicates that the 
drhrer has actuated a turn signal Table 2 below lists operating parameters for one embodiment of the system 2000 
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Vehicle Speed 


Maximum Redar Sensor 
Range 


Visual Alann 


Audible Alami 


<15inph 


«5ft 


Enabled 


Disabled 


15-25mph 


»5ft 


Enabled 


Enabled 


2545 mph 


«7ft 


Enabled 


Enabled 


>45 m|di 


»9ft 


Enabled 


Enabled 



Table 2. 



TraflinQ-EdoeRanmnQ 

In one embodknent, the radar systems described herein detect a range to a target by Dlununatkig the target with 
a pulse of RF energy and receive portions of the pulse reflected by the target A range search algorithm {such as. for 
example, the range search a^orithms ctiscussed m connection with Figures 10*12 above) detects the target by examining 
the received portions of the reflected pube. The range search algorithm detects the recehred portions of the reflected 
pulse and calculates the time needed for the pulse to travel from the radar, to the target, and back to the radar. The 
distance to the target is then calculated by multiplying one half of the measured travel time by the speed of light in eir 
(approximately 1 foot/nanosecond). Thus, for exampio, if it takes 1 0 nanoseconds for the pulse to travel from the radar, to 
the target, and back to the radar, then the target is approximately 5 feet from the radar (10*1/2). The factor of one half 
appears because the pube traveb a round-trip path. 

When the pulse returns to the radar from the targm, the pulse can be detected either b^ 
of the pulse, the entire pulse envelope, or the traifeiB edge of the pulse. 

For example. Figure 21 shows a radar 2102 that generates a pulse 2108 having a leadmg edge 2109 and a 
traing edge 21 10. The radar 2102 can be any pulsed radar, including any of the radars disclosed herein. The pulse 2108 
is transmitted by a transmitting antenna 2104, is reflected by a target 21 12. and is received by a receiving antenna 2106. 
Some coupling typically occurs between the transmhting antenna 2104 and the receiving antenna 2106 such that the 
receiving antenna 2106 receives both a portion of the pube 2108 reflected by the target 21 12 (the reflected portion), and 
the recehring antenna recehres a portion of the pulse 2108 raifiated directly from the transmitting antenna 2104 (the direct 
portion). The cfirect portion also includes chjtter (reflections) from other components of the radar, such as, for example, the 
lens 1506 shown in frqm 1 5A, portions of the vehicle 102 shown in Figure 1, etc. In some cases, the direct portion is of 
sufficient strength that it becomes dfficult to ifistinguish between the direct portion and the reflected portion. The direct 
portion typically has zero Doppler and thus is typically not detected as a Doppler-shifted target, but rather, increases the 
noise floor of the radar system. When the reflectkm from the target 2112 is relatively weaker than the noise floor, 
detection of the target 21 1 2 becomes relatively more difficult. Thus, tin time-overlap between tin ifirect portion and the 
reHected portion can make it difficult for a radar to detect targets tiiat are so ctose that tfie leadnig edge 21 09 returns to 
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the receiving antenna 2106 whSe the transirat antenna 2104 is stifi transmitting He., before the transmit antenna 2104 
has transmitted the trailing edge 21 1 0). 

Since the transmitting antenna 2104 and the receiving antenna 2106 are typicaDy in dose proximity to one 
another, the direct portion typically only occurs during the time period when the transmit antenna 2104 is actually 
transmitting the pulse 2108. In one emboifiment the minimum effective range of the radar is desirably reduced by 
shortening the pulse duration, where the pidse duration is the length of the pulse 2108 in time. The minimum pulse 
duration is typically determined by either hardware imitations (Le., the speed of a transmitter switch such as the switch 
508 shovim in Figure 5) or bandwidth limitations of the radar system 21 12 {because relatwely shorter pulses use relatively 
more bandwidth). 

In one embodiment, the minimum effective range of a radar (such as, for eiample, a radar as discussed in 
connection with any of Figures 4-20) is desirably reduced by sensing the trailing et^e 21 10 of the pulse 2108. By the 
time the trailing edge 2110 is recnvedr Ihe direct component is typically gone (because the transmit antenna 2104 is no 
longer transmittingK Thus, detecting the trailing edge reduces the minimiim useable range of the radar to almost zero. 

For example, in a radar with a 10 nanosecond pulse fi-e.. 10 nanoseconds between the leading edge 2109 and 
the tralfing edge 2110), the minimum useful detection distance is typically about S feet when the leading edge 2109 is 
used for detectioa By contrast, tf the trailing edge 2110 Is used for detectioiv the minimum useful detection distance is 
typicaHy reduced to almost zero feet 

Moreover, when the trailing edge 21 10 is used for detection, the minimum useful range of the radar 2102 is not 
determined by the duration of the pulse 2108. Therefor^ the duration of the pulse 2108 can be increased (thoeby 
reducing the bandwidth) without impacthg the minknum range of the radar 2102. When only the trailing edge 21 10 is 
used to detect the pulse 2108, the rise time (sharpness) of the leading edge 2109 can be reduced. Reducing the rise time 
of the leading edge 2109 fiffther rechices the bandwidth of the pulse 2106. 
hiteprated Antenna-liohtino Systems 

Figures 158, 15C, 15F and 156 show radar sensors integrated into automotive lighting assemblies that use 
arrays of Bkiminatian sources such as LED's. In one en^odiment, uniform distribution of the light produced by an array of 
sources is provided by placing the array of sources, and any power supply wires for the sources, in front of the radar 
antennas In a way that does not overly degrade the performance characteristics of the antennas. 

Figures 22A and 228 show an mtegrated antenna-ighttng system wherein one or more antennas are pieced 
behind an array of eiumbiation sources. As shown in Figure 22A, antennas 2208-2211 are disposed behmd an array of 
IBDs. A first temundl of an LEO 2230 b provided to a power supply 2224 and a second temunal of the led 2230 is 
provided to e power supply 2225. The power supply lines 2224-2225 (and other power supply lines provided to the array 
off LEDs) are oriented such that Urn power supply lines 222A'222B are approximately orthogonal to the E-field produced by 
the anterautt 2208-221 1. A firM bus 2220 connects a first set of tin pov^ 

to a first temnnal of a power supply. A second bus 2221 connects a second set of the power supply lines, inchnfing the 
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power supply 2225 to a first terminal of a power suppfy. The power st^qdy fines 2224 and 2225 ere either placed on 
opposite sides of the substrate 1 532 or on the same side of the substrate 1 53Z 

The busses 2220 and 2221 are shown oriental orthogonal to the pow^ supply lines 2224-2225 (and thus ere 
parallel to the E-fietd produced by the antennas 2208-2211). The busses 2220 and 2221 are placed such that they ere 
largely out of the field-of-view of the antennas 2208-2211. In Figure 22A, the busses 2220 and 2221 are placed on 
opposite sides of the substrate 1532 and placed between the antennas 2208-221 1. In Rgure 22C, the busses 2220 and 
2221 are placed at the edge of the array of LEDs, either on the same side or opposite sides of the substrate 153Z 

The LED 2230 and the power supply lines 2224-2225 are mounted on the substrate 1 53Z In one embodmnt 
the substrate 1532 is thin as compared to the wavelength of the operational frequencies of the antennas 2208-221 1 and 
the substrate 1532 exhibits relatively low loss at the operational frequencies of the antennas 2208-221 1. The antennas 
2208-2211 are nrounted to a substrate 2204 disposed behind the substrate 1532. The radar drcut board 1516 is 
provided behind the substrate 2204 and can be attached ifirectly to the substrate 2204. In one embodiment one or more 
plated-through holes, such es e plated through hole 2206 connect the antennas 2208-2211 to the radar circuit board 
1516. 

Since the power supply 8nes 2224-2225 are orthogonal to the E-field, electromagnetic coupling between the 
power supply ines 2224-2225 end the E-field vvffl be reduced and thus the presence of 

wiD have relatively littb effect on the fieU pattern, the impedance, the gain, and the efficiency of the antennas 2208- 
2211. The effect of any perturbations that are produced in the tenninal impedance of the antennas 2208-2211 are 
reduced by adding reactive tuning elements or knpedance transfomm to the terminals of the entennas 2208-221 1. 

bi one emboifiment, the entennas 2208-2211 are rectangular patch antennas that produce an E-field that b 
approximately horizontally, inearty, polarized. Since the power supply fines 2224-2225 are vertical, the coupBng between 
the E-field and the power supply lines 2224-2225 is reduced and the power supply lines 2224-2225 have e reduced impact 
on the operating characteristics of the antennas 2224-2225. 
Other Embodiments 

While certain speciftc embodknents of the present invention have beoi described, these embodiments have been 
presented by way of example only, and are not intended to fimit the scope of the present invention. 

Although described in terms of separete transmitting and receiving antennas, one skilled in the ert wil recognize 
that one antenna can be used for both transmitting and receiving. One or both of the antennas may be loop antemosi 
dipole antennas, patch antennas, slot antennas, cavity antennas, Yagi antenna^ waveguide antennas, traveling wave 
antennas, leaicy wave antennas, wire antennas, spiral antennas; helical anteraies, etc 

The operating frequency of the Radio Frequency source 502 may be changed to operate at different frequencies, 
inchiding for example; frequencies near 36 6Hz, 77 GHz, 94 6H^ frequencies from .1 to 300 6H|, etc The operating 
freqisncy of tin PRF generator 602 may also be changed to otiierfreipiencb^ The widtti of tiie transmitted pulses of RF 
energy may be aftered and tin widtii of the receive vrindow may be aherel 
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The visual displays may use any suitable display techiralogy, inchiilino, example, incandescent lamps, fight 
emitting diodes, liquid crystal displays, plasma displays, etc. The audio displays may be constructed using any suitable 
sound producing technology, including, for example, piezoetectric transducers, loudspeakers, etc 

Although described primarily In terms of a backup or skte-object warning radar, the radar system described 
herein is also useful in many other vehicle qipfications. For example, the present radar may be used insido a passenger 
compartment: as part of an airbag deployment system; as part of a throttle position system; an active su^ension system; 
etc. The radar system described h^etn may also be used in other non-velude appfications, induifing, for example, home 
security systems, automatic door opening systems, elevator systems, crossing-light systems, watercraft aircraft, mobile 
robots, spacecraft planetary explorer robots, etc. 

The network interface may be used with other electronic sensors, mchidtng ultrasonic sensors, yaw sensors, 
velocity sensors, temperature sensors, motion sensory etc 

Accordingly, the breadth and scope of the present bwention should be defined only in accordance with the 
followmg claims end their equivalents. 
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WHAT IS CLAIMED IS: 

1. An automotive radar capabb of tracking and discrnunattng at least two Ooppler shifted targets, said 
radar comprising: 

a raifio frequency osciBator; 
a transmit pulse generator; 
a transmit antenna; 

a transmit switch, said transiret switch conftgured to connect said osciiiator to said transmit antenna, 
said transmit switch operated by an output of said transmit pulse gen^ator; 

a recehre antenna configured to provide recehfed signals to a downconverten 
a programmable time delay; 
a programmaUe gain ampfifier; 

a recehre switd^ an input of said recehra switch connected to an output of said downconverter and an 
output of said switch connected to an input of said programmable gain amplifier, s»d switch controlled by an 
output of said programmable time delay; and 

a controller operably connected to said transmit pulse generator, said programmable time delay, and 
said programmable gam amplifier, said controller configured to search for targets at a pbrafity of downrange 
regions, for each downrange region, said comrofler configured to: 

set a time delay for said programmaUe time delay; 
set a gain for said programmable gain amplifier; and 
trigger said transmit pulse geiffirator. 

2. The automotive radar of Claim 1, further comprising a visual display configured to display downrange 
infonnation about targets detected by said radar. 

1 The automotive radar of Claim 2, wherein said visual display is configured to display information about 
the target which is closest to said radar. 

4. The automothra radar of Claim 2, wherein said visual display is configured to display information about 
targets with a shortest time to impact to said radar. 

5. A radar system capable of tracking and discrimkiating muft^le Ooppler sldfted targets m crossrenge 
and downrange;, said radar system comprising: 

a phffab'ty of sensor units, each sensor unit comprising a radio frequency transmitter, a raifio frequency 
recover, a programmable time delay and a programmabto gain amplifier; and 

a controller unit, said controller unit operaUy connected to each of said sensor units such that saU 
controlter unit can program said programmable time delay end said programmabte gain anqiffier. 

6. The radar system of Claim 5 whereh saki controller b further configured to use eech of said sensor 
units to search dovvnrange for targets within the f»kl of view of that sensor un^ 
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7. The radar system of Claim 5 wherein said controller is further configured to obtain crossrange 
information by usmg each of said sensor units to search for targets within the field of vew of that sensor unit. 

8. The radar system of Claim 5 wherein said phirality of sensor units comprises a first sensor unit a 
second sensor unit and a third sensor unit, said first second and third sensor units nratmted to the rear of a vehicle such 
that each sensor unit has a field of view which extends behind said vehicle, said first function sensor unit mounted near 
the centerline of said vehicle, said second sensor unit mounted to the left of said first sensor unit and said third sensor unit 
mounted to the right of said first sensor unit. 

9. The radar system of Claim 5 wherein said phirality of sensor units comprises a first sensor unit and a 
second sensor unit said first and second sensor units having a first and second field of view respectively, said first field of 
view being different from said second field of view. 

10. The radar system of Claim 9 wherein a portion of said first field of view overlaps a portion of said 
second field of view. 

11. The radar system of Claim 5 wherein saul plurality of sensor units comprises a first sensor unit and a 
second sensor unit, said first and second sensor units mounted to a vehicle, said vehicle having left and right stda-object 
regions^ said first sensor unit having field of view tfiat substantially covers said left side-object region and said second 
sensor unit having a field of vnw that substantially covers said right sida-olqect region. 

1 1 The radar system of Claim 5 wherein said controller unit is configured to be operaMy connectable to a 
vehfade information bus. 

13. The radar system of Claim 12 wherein each of said sensor units is configured to be operably 
connectable to a vehicle infonnation bus. 

14. The radar system of Claim 12 wherein said vehicle information bus carries radar data and data from 
other vehicle saisors. 

15. A method searching for targets to provide downrange Information from a pulsed radar systenv 
comprising the steps of: 

selecting a range gate; 

programming a time delay into a progranmiable time delay based on said range gate; 
programndng a gain uito a programmable gain amplifier based on said range gate; 
transmitting a ptdse of radio frequency energy; 

recehring reflections of said pulse of radio frequency energy, said raflections produced by said pulse of 

radio frequency energy bebig reflected off of target objects; 

downconverting said reflections to produce an intennediate frequency (IF) signal; and 

supplying a portion of said IF signal to said programmable gain amplifier, said portion selected by said 

programmable time delay. 
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16. A radar sensor capable of trackmg and disoHninating ora or more Doppter shifted tarpts in 
downrange distance, said radar sensor compriang: 

a radio frequency transmitter configured to transmit pulses of radio frequency energy; 
a radu) frequency receiver configured to receive said pulses of radio frequency energy; 
a programmaUe time delay configured select a selected portion of said pulses received by said radio 
frequency receiver; 

a programmable gain ampfifier configured to amplify said selected portion; and 

a controller unit, said controller unit configured to program said programmable time delay and said 

programmable gain amplifier to detect targets with a field of view of said sensor at different downrange 

distances. 

17. The radar sensor of Claim 16, wherein said controller unit Is further configure to compute a velocity of 
said targets. 

18. The radar sensor of Claim 16, wherein said controller unit b further configured to compute an 
acceleration of said targets, 

1 9. The radar sensor of Claim 1 B, wherein said sensor is connected to a tnf omiation bus. 

20. The radar sensor of Claim 19, wherem sad sensor supplies information about said targets to an 
inteOqient ifisplay connected to said inf ormatkm bus. 

21. The radar sensor of Claim 19, wherein said sensor supplies information about said targets to an airbag 
daployment system. 

22. The radar sensor of Clean 19, wherein said sensor supplies information about said targets to other 
vehicle systems connected to said information bus. 

23. The radar sensor of Claim 1 6, wherein said sensor measures a throttle positioa 

24. The radar sensor of Claim 16, wherein said sensor provides information to an active suspension 

system. 

25. The radar sensor of Claim 16, further comprising an aucfible warning device configured to prqect an 
auQiie warning signal said warning signal proj^ng a first sound when said radar sensor detects a target having a first 
downrange distance; said warning signal projecting a second sound when said radar sensor detects a target having a 
second downrange distance. 

26. The radar sensor of Claim 16, further com prism g an audible wannng device configured to project an 
audible warning signal, said wamii^ signal projecting a first sound when said radar sensor detects a closest target having 
a first dovmrai^ distance, said warmng signal projecting a second sound when said radar sensor detects a closest terget 
having a second downrange distance. 



45- 



wo 99/42856 



PCT/US99/03605 



27. The radar sensor of Claim 16, further comprising an audible warning device configured to project an 
audible warning signal $«d warning sqnal projecting a first sound when said radv sensor detects a target having a first 
velocity, said warning signal projecting a second sound when said radar sensor detects a target having a second velocity. 

28. The radar sensor of Claim 16, further comprising an aufible warning device configured to project an 
audible warning signal, said waning signal projecting a first sound when said radar sensor detects a target having a first 
time to impact said warning signal projecting a second sound when said radar sensor detects a target having a second 
time to impact. 

29. An intelligait display for providing information to a driver of a vehicle, said display comprising: 

a sensory cfisplay configured to provide sensory information to a driver; and 
a control processor operabty connected to said sensory display, said control processor 
conf^ured to recehre sensor information from a vehicle information bus, said sensor infonmation 
comprising data measured by one or more sensors connected to said informatbn bus, said control 
processor further configured to prioritize said sensor information and to fonnat said display based on 
said sensor information. 

30. The inteOignit display of Claim 29, wherein said sensory display provides visual information. 

31. The inteWgent display of Claim 29, wherein ssid sensory display provides sudiUe information. 

3Z The intelligent display of Claim 29, wherein said sensor data comprises radar target data from one or 
more radar sensors. 

33. The intelligent display of Clairo 29, wherein said radar sensors are intelligent redar sensor, each 
inteliigent radar sensor compriang a control unit configured to transmit radar target information on said information bus. 

34. The inteliigent display of Claim 33, wherein said sensory display supplies a first warning display for 
radar targets having a first time to impact and said sensory display produces a second warning display for radar targets, 
having a second time to impact. 

35. An integrated radar sensor and taillight apparatus comprising: 
a housing; 

a lens covering at least a portion of said housing; 

an input connector configured to receive input power from a taHBght power circuit; 

a taiir^ht mounted in said housing and positioned to allow fight from said taiight to shine through said 

leni;and 

a radar sensor mounted in said housing, said radar sensor comprising a network interface; a radar 
section, and an antenna, said antenna configured to radiate electromagnetic waves through said lens; said 
network mterf ace configured to: 

eitract an input modulated carrier signal from said mput power 
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demodulate said in|Nit modulated carrier signal to obtain a data signal said data signal 
conqirising addrassas and commands; 

interpret s»d addresses and commands; 

modulate a carrier with output data to produce an output modulated carrier signal; and 
insert said output modulated carrier signal into said tailfight power craot 

36. An integrated radar sensor and light apparatus comprising: 
a housing; 

a lens covering at least a portion of said housing; 

a light source mounted in sani housing positioned to allow Eght from said fight source to shine through 
said tens; and 

a radar sensor mounted in said housing, said radar sensor comprising a network interface, a radar 
section, and a first antenna. 

37. The apparatus of Claim 3B, wherein said network interface is a current-carrier network hiterface. 

38. The apparatus of Clahn 38, wherein said networic interface is configured to conununicate with a 
central control unit 

39. The apparatus of Claim 36, wherein said antenna is a patch antenna. 

40. The apparatus of Claim 36, wherein said first antenna is a transmit antennar and said radar section 
comprises! 

a radio frequency oscillator; 
a transmit pulse generator; 

a transmit switch, said transmit switch configured to connect saM oscOlator to said transmit antenna, 
saM transmit switch operated by an output of said transmit pulse generator; 

a receive antenna configured to provide recehred signals to a downconverter; 
a programmable time delay; 
a programmable gain amplifier; 

a r^ve switch, an input of sad receive switch connorted to an output of said downconverter and an 
output of sad recehre switch connected to an input of said programmable gain amplifier, saU recehre switch 
controlled by an output of said programrnaUa tone delay; and 

a controfler operably connected to sad transmit pulse generator, said programmable tima delay, and 
said programmable gain ampfifier, sad controller configured to search for targets at a phvafity of downrange 
regions; for each downrange regioiv said controller configured to: 

set a time delay for said programmabla time delay; 
set a gan for said programmable gam ampBfier; and 
trigger said transmit pulse generator. 
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41. The apparatus of Claim 36, wherein saiil light source b adapted for use as a turn-signal light. 

42. The apparatus of Claim 41, wherein said light source comprises an incandescent &ght. 

43. The apparatus of Claim 41, wherein said light source comprises an array of light emitting diodes. 

44. The apparatus of Claom 36, wherein said tight source is configured to operate es a reverse signal light. 

45. The apparatus of Claim 44, wherein said light source comprises an incandescent Bght 

46. The apparatus of Claim 44, wherein said tight source comprises an array of light emitting diodes. 

47. A vehicle radar system comprising: 

a phirality of sensor units, each sensor unit comprising a radio frequency transmitter, a radio frequency 
recehrer, a programmable time delay, a programmable gain amplifier, and a first network interface; and 

a contrcdler unit, said controller unit comprising a second network interface configured to communicate 
with saU first network Interface using current-carrier networking. 

48. The radar system of Clakn 47, wherein said controBer is further configured to use each of said sensor 
units to search downrange for targets within the fioM of view of that sensor unit 

49. The radar system of Claim 47, wherein sakl controller is further configured to obtain crossrange 
informatkm by using each of safaf sensor units to search for targets within the field of view of that sensor unit 

50. The radar system of Claim 47, wherein sakl first network mterf ace is addressable. 

51 . The radar system of Claim 47, wherein said plurality of sensor units comprises a first sensor unit and 
a second sensor unit sekl first and second sensor uniu having a first and second fieM of view respectively, said first field 
of view being cfifferoit from said second field of view. 

5Z The radar system of Clain 51, wherdn a portion of said first fieM of view overiaps a portion of said 
second field of view. 

53. The radar system of Claim 47 wherem said plurality of sensor units comprises a first sensor unit and a 
second sensor unit said first and secdnd sensor units mounted to a vehicle, said vehicle having left and right side-object 
regions, said first sensor unit having a field of view that substantially cavm said left side-object region and said second 
sensor unit having a field of view that substantially covers said right side-ob^t region. 

54. The radar system of Claim 47 wherein sakt radar sensor unit is configured to be powered by a reverse 
light cktuit. 

55. Theradarsystemof CIm 54, wherein at least a portion of each of said sensor uni^ 

ahemating current carrter signal appfied to sad reverse Bght circuit said carrier signal having insufficient voltage to cause 
said fight to reach fuB brightness. 

56L The radar system of Claim 47 wherebi each of sahl sensor units is powered by a turn-signal drcint. 

57. An integrated vehicle ight source and radar sensor apparatus, comprising: 
a t^ht source powered by a light circuit; 

a radn frequency transmitter configured to transmit pulses of radio frequency energy; 
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a radio f requsncy receiver configureil to receive said pulses of radio frequency energy; and 
a network interface, said network interface configured to extract a first modulated carrier signal from 
said light circuit, said network interface configured to insert a second modulated carrier onto said light circuit 

58. The apparatus of Claim 57, further comprisng: 

a programmable time delay configured to select a selected portion of said pulses received by said 

racfio frequency receiver; 

a programmable gain amplifier configured to ampGfy said selected portion; and 

a controller unit, said controller unit configured to program said programmable time delay and said 

programmable gain amplifier to detect targets with a fieU of view of said sensor at different downrange 

distences. 

59. The radar sensor of Claim 57, wherein said controller unit is further conftgmd to compute a veloctty 
of said targets. 

60. The radar sensor of Claim 57, wherein said network interface is an addressable interface. 

61. The radar sensor of Claim 57, wherein said sensor supplies biformatron about said targets to a central 



62. The radar sensor of Clakn 61, wherein said central controller sunilies infonnation about sakl tvgets 
to an airbag deployment system. 

63. The radar sensor of Claim 61, wherein said controller supplies information about said targets to other 
vehicle systems connected to an infonnation bus. 

64. The radar sensor of Claim 57, wherein said sensor uses time division multiple eccess. 

65. The radar sensor of Claim 57, wherein said sensor uses code dhnskm multiple access. 

66. The radar sensor of Claim 57, further comprising a fault sensor to detect an operating condition of said 
fight source. 

67. The radar sensor of Claim 66, wherein said fault sensor comprises a current sensor. 
66. The radar sensor of Clakn 66, wherein said fault sensor comprises a voltage sensor. 

69. The radar sensor of Clam 66, wherem seU fault sensor comprises an optical sensor. 

70. Tbe radar sensor of Clakn 57, further comprising a truck, said sensor mounted 

71. The radar sensor of Claim 57, further comprising a senu-traier, saU sensor mounted on said semi- 



71 The radar sensor of Clann 57, further configured to track and discrimmate muhqile Doppler sinfted 
targets in crossrange and downrange. 

73. An awfible warmng device comprising: 
a network nterf ace; and 
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a sound producing device connected to said network interface and configured to accept commands from sa'ul 
network nterf ace. 

74. The audible warning device of Claim 73, wherein said sound producing device is configured to project a 
first auifible warning sound in response to a first command and a second audible warning sound in response to a second 
conunani 

75. The audible warning itevice of Claim 73, wherein said audible waming device is configured to receive 
power and network data signals from a reverse light circuit 

76. The audible waming device of Claim 73, wherein said audible warning device is configured to project a 
first audible waming sound whai no command has been received by said network interface and a second audible waming 
sound in response to a command recehred by said network interface. 

77. The audible waming device of Claim 73, wherein said audible warning devce is mounted to the rear of 
a vehide such that saU first audible waming sound and sakf second audible warning sound are projected imo an area 
generally behind sahi vehicle. 

78. The auda^le waming device of Claim 73, wherein said audible waming device is mounted in a 
passenger compartment of a vehicteL 

79. An integrated vehide light source end sensor apparattB, comprising: 
a 1^ source powered by a first electricel circuit; 

an electronic sensor; 

a network interface, said network interface configured to extract a first modulated cerrier signal 
from a second electrical circuit, said network interfece configured to insert a second modulated carrier onto 
said second electrical circuit. 

80. The apparatus of Claim 79, wherein said electronic sensor comprises a radar sensor. 

81. The apparatus of Claim 79, wherein said electronic sensor comprises a fault sensor to sense en 
operating condition of said light source. 

8Z The apparatus of Claim 79, wherein said electronic sensor comprises a switch to operate said light 

source. 

83. The apparatus of Claim 79, wherein said etectronic sensor comprises an uftrasonic sensor. 

84. The apparatus of Clakn 79. wherem sakt first electrical circuit and said second electrical drcuit are 
connected together as a sintf e etectrnaf circuit. 

85. The apparatus of Claim 84, wherein said ebdronic sensor comprises a switch to operate said fight 

source. 

86. An Butomotive radar comprising: 
a radio frequency oscillator; 

a transmit pube generator; 
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a transmit antenna; 

a transmit switch, said transmit switch configured to connect sad oscfllator to said transmit antennar 
said transmit switch operated by an output of said transmit pulse generator; 

a receive antenna configured to provide received signals to a downconverter operathrely coupled to a 
filter, and output of said f iter being an analog intermediate frequency signal; 

a programmable time delay; 

a programmabte gain amplift»; 

a digital data system, said (figital data system configured to convert said analog intermediate 
frequency signal into a digital intemieifiate frequency signal in response to said programmable time delay; and 

a controflv operably connected to said transmit pulse generator, said programmable time delay, and 
said programmable gain amplifier, said controller configured to search for targets at a plurality of downrange 
region^ for each downrange region, said controller configured to: 

set a time delay for said programmable time delay; 
set a gain for said programmable gain amplifier; and 

collect a plurafty of said cfigitai intermeifiate frequency sipials corresponding to a target 
range determined by said programmable time delay. 

87. The automotive radar of Clahn 86, further comprisbig a visual cfisplay configured to display downrange 
information about targets detected by said radar. 

88. The automotive radar of Claim 87, wherein said visual display is configured to display mformation 
about the target which Is closest to said radar. 

89. The automotive radar of Claim 87, wherein said visual display is configured to display information 
about targets with a shortest time to impact to said radar. 

90. A radar system capable of tracinng and discriminatmg multiple Doppbr shifted targets, said radar 
syston comprising: 

a plurality of sensor units, each sensor unit comprising a raifio frequency transminer, a radio frequency 
recehrer, a programmabta time delay, a programmable gain amplifier, and a digitaMo analog converter, said 
digitai-to-analog converter configured to convert an anatog intennecfiata frequency signal into a d^ital 
intermeifiate frequency sqnal in response to said programmdiie time delay: and 

a controller unit, said controller unit operably connected to each of said sensor units such that said 
controller imit can program said prDgrammaUe time delay ami said programma^ 

91. The radar system of Clean 90 whereat sad controller is fijrther configured to use each of said sensor 
units to search downrange for targets within the field of view of that sensor unit 

9Z The redar system of Claim 90 wherein said controOer b further configured to obtam crossrange 
information by using at least two of said sensor units to search for targets 
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93. The radar system of Claim 90 whereiii said plurality of sensor units comprises a first sensor unit, a 
second sensor unit, and a third sensor unit said first second and third sensor units mounted to the rear of a vehicie such 
that at least said first, second, and third sensor unit has a field of view which extends behind said vehicle, said first sensor 
unit mounted near the centerline of said vehicle, said second sensor unit mounted to the left of said first sensor uiut and 
said third sensor unit mounted to the right of said first sensor unit. 

94. The radar system of Claim 90 wherein said plurdity of sensor units comprises at least first and second 
sensor units, said first and second sensor units having a first and second field of view respectively, said first field of view 
being different from said second field of view. 

95. The radar system of Claim 94 wherein a portion of said first field of view overtaps a portion of said 
second field of view. 

96. The radar system of Claim 90 wherein said plurality of sensor units comprises at least first and second 
sensor units, said first and second sensor units mounted to a vehicte; said vehicle havmg left and right side-obiect regions, 
said first sensor unit having field of view that substantially covers said left side^bject region and said second sensor unit 
having a fieM of view that substantially covers said right side^ofaject region. 

97. The radar system of Claim 90 wherein said controller unit is configured to be operably connectabte to 
a vehicle power circuit 

98. The radar system of Claim 97 wherein each of said sensor urats is configured to be operably 
connectable to a vehicle power circuit 

99. The radar system of Claim 97 wherein said vehicle power drcuit carries radar data and data from 
other vehicle sensors. 

100. The radar system of Claim 97 wherein said controller umt receives vehicle speed information from a 
vehicie information bus. 

101. The radar system of Claim 97 wherein said controller unit recehres vehicle speed information from a 
speedometer picknip. 

10Z The radar system of Claim 97 wherein said controller unit receives vehicle speed information from a 
speed-sensing radar unit. 

1 03. The radar system of CUm 97 wterein said system categoroes a target into at least one of a phirality 
of categories according to speed of the vehicle and dbtance to the target 

104. The radar system of Claim 97 wherein said system categorizes a tmget into at bast one of a phirafity 
of categories eccording to a distance to seM target and a relative speed between said target end a vehicle carrymg said 
radar system. 

105. The radar system of Claim 104 wherein said system provides a first wanwig for targets m a first 
category and a second wam'mg for targets bi a second category. 
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106. A method searching for targets to provide downrange information from a ptiised radar systenv 
comprising the steps of: 

setectiiQ a range gate; 

programming a time dday of a progranmabte time delay based on said range gate: 
programming a gain of a programmabia gain amplifier based on said range gate; 
transmrtfmg a pulse of radio frequency energy; 

receiving reflections of said pulse of radio frequ«icy energy, said reflections produced by said puise of 
radio frequency energy being reflected off of target objects; 

downconverting at least some of said reflections to produce an analog intermediate frequency (IF) 

signal; 

amplifying said analog IF signal to produce an ampRfied analog IF signal; and 

converting sad ampRfied analog IF sipal into a cfigital IF signal in response to said range gate. 

107. A radar sensor capable of tracking and discriminating one or more Doppler shifted targets in 
downrange distance, said radar sensor comprising: 

a radio frequency transmitter configured to transmit pulses of radio frequency energy; 

a radio frequency receiver configured to receive said pulses of radio frequency energy, said receiver 
configured to convert said pulses of radio frequency energy into an intennediate frequency sign^ 

a dptal to analog converter configured to convert said intermediate frequency s^nal into a stream of 
digital samples In response to a programmable time delay; and 

a controfier unit, said controller unit configured to program said programmable time delay to detect 
targets with a field of view of said sensor at different downrange distances. 

108. The radar sensor of Claim 107, wherein said controller unit is furtiier configure to compute a velocity 
of said targets. 

109. Tlie radar sensor of Claim 107, wherein said controller unit is further configured to compute an 
acceleration of said targets. 

110. The radar sensor of Claim 107, wherein said sensor is connected to a information bus. 

111. The radar sensor of Claim 110, wherein said sensor supplies information about said targets to an 
intellioent display connected to said information bus. 

11Z The radar sensor of Claim 110, wherein said sensor supplies infomation about said targets to an 
airbag dqitoymem system. 

113. The radar sensor of Glakn 110, wherein said sensor supplies information about said targets to other 
vehkle systems connected to said information bus. 

1 14. The radar sensor of Clain 1 07 further comprising a d^ signal processor. 

115. The redar sensor of Claim 1 07, furtiier comprising a user interface. 
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116. The radar sensor of Claim 107, further comprising an audible warning device configived to project an 
audible warning signal, said warning signal projecting a first sound when said radar sensor detects a target having a first 
downrange distance, said warning s^nal projecting a sannd sound when said radar sensor detects a target havmg a 
second downrange distance. 

117. The radar sensor of Claim 107, hither comprising an audible warning device configured to project an 
audible warning signd, said warning signal projecting a first sound when said radar sensor detects a closest target having 
a first downrange distance, said warning signal projecting a second sound when said radar sensor detects a closest target 
having a second downrange distance. 

118. The radar sensor of Clakn 107, further comprising an audible warning device configured to project an 
audible warning signal, said warning signal projecting a first sound when said radar sensor detects a target having a fftst 
velocity, saki warrong signal projecting a second sound when said radar sensor detects a target having a second velocity. 

119. The radar sensor of Claim 107, further comprising a visual warning device configured to project a 
visual warning signal, said visual warning signal projecting a first warning when said radar sensor detects a target having a 
first velocity, said visual warning signal projecting a second warning when said radar sensor detects a target having a 
second vetocity. 

120. A radar sensor capable of tracking and discriminating one or more Doppler shifted targets in 
downrange distance* said radar sensor comprising: 

radio frequency transmitter means for transmitting pulses of radio frequency energy; 

rado frequency receiver means for recehring reflected pulses of radio frequency energy and converting 

s»d reflected pulses of radio frequency energy into an intermediate frequency signal- 
digital to analog converter means for converting said intermediate frequency signal into a stream of 

digital samples in response to a programmable time delay; and 

controller means for programming said programmable time delay to detect targets with a field of view 

of said sensor at different downrange distances. 

121. A lane-change aid system for providing information to a driver of a vehicle about objects in a side- 
object re^on, said system comprising: 

a radar sensor unit configured to provide radar target information to a user interface; and 
a speedometer pick up configure to provhte vehicle speed inf ormatiNi to said user mterface. 

122. The lane change aid system of Claim 121, wherein s»d radar sensor unit compnsBs: 
a radio frequency transmitter configured to transmit pulses of radio frequency energy; 

a racfio frequency receiver configured to recehre said pulses of redio frequency energy, sahl receive 
configured to convert sakI pulses of rad» frequency energy mto an imenneiiate frequency signal; 

a digital to analog converter configured to convert said intennediate frequency signal into a stream of 
d^ samples m response to a programmable time delay; and 
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a controller unit, sard controHer unit configured to program said progranunable time delay to detect 
targets with e field of view of said sensor at different downrange distances. 

123. The lane-change aid system of Claim 121, wherein said user interface does not warn said driver about 
objects detected by said radar sensor beyond a maximum range when said vehicte is moving at less than a desired speed. 

124. The jane-change aid system of CIboti 121, wherein said user interface does not audibly warn said 
driver about objects detected by said radar sensor beyond a range of about five feet when said vehicle is travelmg less 
than about 1 5 mfles p& hour. 

125. The laitt-change aid system of Claim 121, wheren said radar sensors are intelligent radar sensor, each 
inteliigent radar sensor comprising a control unit configured to transmit radar target information on an infonnation bus. 

1 26. The lane-change aid system of Claim 1 21, wherein said user interface comprises a visual Indicator. 

127. The lane-change aid system of Claim 121, wherein said user interfece comprises an audible warning 
and a visual warmr^. 

12^ The lane^hange aid system of Claim 121, wherein said user interface comprises an audibte warning. 

129. The lane-change aid system of Claim 128, wherein said user interface does not sound said audible 
warning when said vehicle is travefing at less than a desired speed. 

130. The laneH:hange aid system of Claim 128, wherein said user interface sounds an audible wammg 
according to a distance to a detected target and a relative speed between said vehicle and said detected target. 

131. The lane-change aid system of Claim 121, further comprising a turn-signal pick-up. 

131 The lane-change aid system of Clam 131, wherein said user interface does not audibly warn a driver 
of left-side targets unless said turn-signal pick-up indicates that a left-side turn-signal has been activated. 

133. The lane-change aid system of Claim 131, wherein said user interface does not audibly warn a driver 
of right-side targets unless said turn-signal pick-up indicates that a right-side tum-signai has been activated. 

134. A method for warning a driver of a vehicle that a lane-change maneuver may result in a collision 
comprising the steps of: 

sensing objorts in a side-object region in response to ectivation of a turn-signal; and 

visually warning said driver about said object' 

meesuring a velocity of said vehide; 

selecting a maxknum range based on saki velocity; and 

audibly warning sakl driver if a range to said object is less than saul maxknum range. 

135. A method for wammg a driver of a vehxle that a lane^hange maneuver may result in a collision 
comprising the steps of: 

sensffig objects ki a side-object region ki response to activation of a turn-signal; and 

visitaiiy wammg said (Mvor about said object; 

measuring a vebdty of said object relatwe to a vebcity of sakl vehhde; 
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selecting a maximum range based on said velocity of said object; and 

aui^ly warning said driver if a range to said diject is less than said maximum range. 

1 36. The method of Claim 1 35, wherein sanl step of measuring a velooty of said object comprises Doppler 
processmg. 

137. A lane-change aid system for providing information to a drhrer of a vehicle about objects in a side- 
object regioiv said system comprising: 

user interface means for warning a driver of the possibility of an accident involving an object in an 
adjacent lane. 

radar sensor means for providing radar target information to said user interface; and 
speed sensing means for providing vehicle speed inf onnation to said user interface. 

1 38. A pulse radar comprising: 

a radio f reqtmncy osdltator; 
a transmit pulse generator; 
a transmit antenna; 

a transmit switch, said transmit switch configured to connect smi osdBator to said transmit antenna, 
said transmit switch operated by an output of said transmit pulse generator to transmit a radio-frequency pulse 
of energy, said radm-frequency pube having a leading edge and a trailing edge; and 

a recehre antenna configured to provide received signals to a receiver, said receiver configured to 
measure a range to a target by calculating a time recpjired for said radio frequency pulse to traverse a path from 
said transmit antenna, to said target, and then to said reoehm antenna, said receiver configured to calculate said 
time by detecting said trailing edge. 

139. A method of using a pulse radar to search for targets and to measure a downrange distance to the 
targets, comprising the steps of: 

transmitting a pulse of radio f requoicy energy, said pulse having a leading edge and a trailing edge; 
receiving reflections of s^d pulse of radio frequency energy, said reflections produced by said pulse of 
radio frequency energy being reflected by target objects; and 

measuring a time when said pulse b received by sensing said trailing ei^ 

140. A radar sensor capable of tracking and discriminating one or more Doppler shifted targets in 
downrange distance, said radar sensor comprising: 

a raifio frequency transmitter configured to transmit pulses of radio frequency energy; 

a radio frequency recehrer configured to recerae said pulses of raifio frequency energy, sahl receiver 
confqpffed to convert sad pulses of radio frequency energy into an intermediate frequency signal; 

a di^ to analog converter configured to convert said intermediate frequency signal into a stream of 
ifigital samples in response to a programndile time delay; and 
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a controller unit, sad controller unit configured to program said programmable time delay to detect 
targets with a field of view of said sensor at different downrange distances, said distances measured according 
to a trailing ei^ of said pulses of raifio frequency energy. 

141. The radar sensor of CImm 140, wherein said controller unit is further configured to compute a velocity 
of said targets. 

142. The radar sensor of Claim 140, wherein said controller unit is further configured to compute an 
acceleration of said targets. 

143. The radar sensor of Claim 140, wheren said sensor is connected to a information bus. 

144. The radar sensor of Claim 143, wherein said sensor supplies information about said targets to an 
airbag deployment systenrL 

145. The radar sensor of Claim 140, further comprising a visual warning device configured to project a 
visual warning signal, said visual warrnng signal projecting a first warning when said radar sensor detects a target having a 
first velocity, said visual warning signal projecting a second warning when said radar sensor detects a target having a 
second velocity. 

146. An array of 1^ sources configured to be placed in a field of view of an antenna whSe still allowing 
the antenna to racfiate and receive electromagnetic energy, comprising: 

a first phffafity of power supply ines» said power supply Knes oriented orthogonal to an E-f ield produced by an 

antenna; 

a second phvality of power supply fines, said power supply lines oriented orthogonal to an E-fieM produced by 
said antenna; and 

a plwality of light sources, each source having a first terminal and a second terminal, said first terminal provided 
to at least one power supply Rne in said first pturaity of power supply lines, said second terminel provided to at least one 
power supply fine in said second plurality of power supply lines. 

147. The array of Claim 146, further comprising a power supply bus, said power supply bus provided to 
each of saul first plurafty of power supply lines. 

148. A method for transmitting electromagnetic energy through a plurality of light sources comprising the 

steps oh 

providing a power st^ply conductor to each of said light sources; and 

orieming a substantial portion of said power supply conductors orthogonal to an E-field of said 
electromagnetic energy. 

149. A method for transmitting electromagnetic energy through a plurality of light sources comprising the 

stepsof: 

provkfiiq a conductor to power a ^ soum in an array comprising a plurali^ 
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arranging sard conductor to reduce efectromegnetic coupfing between said conductor and an E-field 
produced by an antenna disposed to radiate electromagnetic energy through said array. 

150. A radar sensor capable of tracking and discriminating one or more Doppler shifted targets in 
downrange dstance, said sensor integrated into a vehicte taiffight said radar sensor comprising: 

a radio f ra|uency transmitter configured to transmit puises of radio frequency energy; 

a radio frequency receiver configured to receive said pulses of ratfio frequency en^gy, said receiver 
configured to convert said pulses of radio f requatcy energy into an intermediate frequency signat 

a digital to analog converter configured to convert said nitermediate frequency signal into a stream of 
digital samples in response to a progr^nmable time delay; 

a controller unit, said controller unit configured to program said programmable time delay to detect 
targets with a field of view of said sensor at different downrange ifistances; and 

an array of 1^ emitting diodes configured to operate as a vehicle taaiight 

151. The radar sensor of CWm 150, wherein said controller unit is further configure to compute a velocity 
of sad targets. 

152. The radar sensor of Claim 150, wherein said controller unit is further conFigured to compute a distance 
to said targets by locating a trailing edge of received pulses. 

151 The radar sensor of Clm 150, wherein said sensor is connected to a vehicle power circuit and said 
sensor is configiffed to provide a modulated cenier onto said vehicle power circuit 

154. The radar sensor of Claim 153, wherein said sensor supplies information about said targets to an 
intelligent display connected to said vehicle power circuit 

155. The radar sensor of Claim 153. wherein said sensor suppfies infonnation about said targets to an 
airbag deployment system. 

15B. The radar sensor of Claim 153. wherein said sensor supplies information about said targets to other 
vehicle systems connected to said vehicle power circuit 

157. The radar sensor of Claen 1 50 wherein said radio frequency transmitter is configured to transmit said 
pubes of radio frequency energy through said array of light emitting diodes. 

1 58. The radar sensor of Clahn 150, further comprising a user interface. 

159. The radar sensor of Claim 150. further comprising an audible warning device configured to pnqect an 
eudibb warning signal said warning s^ projerting a first «^ 

downrange dstanc^ sahl warning signal projecting a second sound when said radar sensor detects a target having a 
second downran^ distance. 

160. The radar sensor of Claim 150. further comprising an audible warning device configured to project an 
andWe warning signal, said warning signal projecting a first sound when sahi radar sensor detects a dosest target having 
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a first dowiffange distance, said warning signal projecting a second sound when said radar sensor detects a closest target 
having a second downrange ifistance. 

161. The radar sensor of Claim 150, further comprising an audible warning device configured to project an 
audible warning signal, said warning signal projecting a first sound when said radar sensor detects a tar^ having a first 
velocity, said warning signal projecting a second sound when said radar smor detects a target having a second velocity. 

162. The radar sensor of Claim 150, further comprising a visual warning device configured to project a 
visual warning signal, said visual wammg signal projecting a first warning when said radar sensor detects a target having a 
first velocity, said visual warning signal projecting a second warning when said radar sensor detects a target having a 
second velocity. 

163. A radar sensor capable of tracking and discriminating one or more Doppler shifted targets in 
downrange distance, said radar sensor comprising: 

radar means for transmitting pdsas of rad» frequency energy and receiving reflected pulses of radio 
frei}uency energy and convertmg said reflected pulses of radio frequency energy into an intermediate frequency 
s^nal; 

a cfigital to analog converter for converting said intermediatB frequency signal into a strean of digital 
samples m response to a programm^le time delay; 

controller means for propamming said programmable time delay to detect targets with a field of view 
of said sensor at different downrange distances; and 

lighting array means for signaling drhrers of vehicles, said radar means configured to transmit and 
receive said pulses of radio frequency energy through said Oghting means. 

164. A lane-change aid system for providing infomnation to a driver of a vehicle about objects m a side- 
object region, said system comprising: 

a vehicle taiBight array; 

a radar sensor unit configured to provide radar target information to a user interface, said radar sensor 
unit disposed behind said array; and 

a speedometer pick-up configured to provide vehicle speed infomnation to said user mterf ace. 

165. The lane change aid system of Claim 164, wherein said radar sensor unit comprises: 
a radio frequency transmitter configured to transmit pulses of radio frequency energy; 

a radb frequency receiver configured to receive said pulses of radio frequency energy, said recehrar 
configured to convert said pulses of radio frequency energy into an bitermediate frequency signal; 

a digital to anatog converter configured to convert said intermeifiate frequency signal into a stream of 
digital samplas in response to a programmable time delay; and 

a controler unit, saU eontrofler unit confqured to program said programmable time delay to detect 
targets with a field of view of said sensor at different downrange distances. 



59. 



wo 99/42856 



PCT/US99/03605 



1 66. The lane-change aid system of Claim 165, wherein said user interface does not warn said driver about 
objects detected by said radar soisor beyond a maximum rsige when said veMcle is roovmg at less than a desired speed. 

167. The lane^hange aid system of Claim 165, wherein said user mterfaca does not autUy warn said 
drwer about objKrts detected by said radar sensor beyond a range of about five feet when sahl vehicle is traveling less 
than about 15 mOes per hour. 

168. The lane-change aid system of Claim 165, wherein said radar sensors are intelligent radar sensor, each 
intelligent radar sensor comprising a control unit configured to transmit radar target information on an information bus. 

169. The lane-change aid system of Claim 165, wherein said user interface comprises a visual mdicator. 
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170. The lane-change aid system of Claim 165, wherein said user interface comprises an audible warning 
and a visual warning. 

1 71. The lane-change aid system of Claim 1 65, wherein said user mterf ece comprises an audible warning. 

172. The lane-change aid system of Clami 171, wherein saki user interface does not sound said audible 
warning when safd vehicle is traveling at less than a desired speed. 

173. The lane-chai^e aid system of Claim 171, wherein said user mterface sounds an audible warrdng 
Bccording to a distance to a detected target and a relative sp^d between said vehicle and said detected target 

1 74. The lane-change aid system of Claim 165, further comprising a turn-signal pick-up, said array and said 
transmitter activated in response to said turn signal pickup. 

175. The lane-change aid system of Claim 1 74, wherein sakl user interface does not audibly warn a driver 
of left-side targets unless said tum-stgnal pick up indicates that a left-side tum-signal has been activated. 

176. The lane-change aid system of Claim 164, wherein said user interface does not audibly warn a driver 
of right-side targets unless said turn-signal pick-up indicates that a right-side tum-signal has been activated 
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